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Abstract 

Two-phase gas-liquid flows are expected to occur in many future space operations. 

Due to a lack of buoyancy in the microgravity environment, two-phase flows are known to 

behave differently than those in earth gravity. Despite these concerns, little research has 

been conducted on microgravity two-phase flow and the current understanding is poor. 

This dissertation describes an experimental and modeling study of the 

characteristics of two-phase flows in microgravity. An experiment was operated onboard 

NASA aircraft capable of producing short periods of microgravity. In addition to high 

speed photographs of the flows, electronic measurements of void fraction, liquid film 

thickness, bubble and wave velocity, pressure drop and wall shear stress were made for a 

wide range of liquid and gas flow rates. The effects of liquid viscosity, surface tension and 

tube diameter on the behavior of these flows were also assessed. From the data collected, 

maps showing the occurrence of various flow patterns as a function of gas and liquid flow 

rates were constructed. Earth gravity two-phase flow models were compared to the results 

of the microgravity experiments and in some cases modified. Models were developed to 

predict the transitions on the flow pattern maps. 

Three flow patterns, bubble, slug and annular flow, were observed in microgravity. 

These patterns were found to occur in distinct regions of the gas-liquid flow rate parameter 

space. The effect of liquid viscosity, surface tension and tube diameter on the location of 

the boundaries of these regions was small. Void fraction and Weber number transition 

criteria both produced reasonable transition models. 

Void fraction and bubble velocity for bubble and slug flows were found to be well 

described by the Drift-Flux model used to describe such flows in earth gravity. Pressure 

drop modeling by the homogeneous flow model was inconclusive for bubble and slug 

flows. Annular flows were found to be complex systems of ring-like waves and a 
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substrate film. Pressure drop was best fitted with the Lockhart-Martinelli model. Force 

balances suggest that droplet entrainment may be a large component of the total pressure 

drop. 
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Chapter 1 Introduction 

1 .1 Two-Phase Gas-Liquid Flows in Microgravity 

The simultaneous flow of gas and liquid in a pipe occurs in many situations of 

industrial importance such as natural gas pipelines, power generation systems, refrigeration 

systems and vaporizing and condensing systems. The behavior of these systems is poorly 

understood despite many years of research. As a result, the design and refinement of such 

systems often requires exhaustive experimentation and the use of purely empirical 

correlations. Over the course of many years, this approach has allowed for the design and 

operation of many useful two-phase flow systems but the results are not easily extended to 

new applications. 

The advent of human space flight has seen a progression of increasingly complex 

spacecraft and space stations placed into earth orbit and on the lunar surface. Near-term 

plans include the construction of a permanently manned space station facility while longer 

term goals include a permanent lunar facility and a manned mission to Mars. Low gravity 

manufacturing facilities in earth orbit for the production of special semiconductors and 

medically useful proteins are also planned. 

As larger and more complex facilities are placed into microgravity (the near-zero 

gravity environment found in earth orbit) and reduced gravity environments, the systems 

needed to operate these facilities must be developed for use in these environments. Two­

phase gas-liquid flows are expected to occur in several reduced gravity applications 

including: thermal distribution and control systems, condensing and vaporizing operations, 

operation and control of two-phase power cycles, storage and transfer of cryogenic fluids, 

and safety and performance issues associated with space-based nuclear power systems. 
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Gas-liquid flows are strongly affected by the magnitude and orientation of gravity 

because there is usually a large difference in the density of the two phases. Even on earth, 

the behavior of gas-liquid flows in vertical tubes is very different from the behavior of the 

same flows in horizontal or inclined tubes (Dukler and Taitel, 1984, Bamea, 1986). Thus, 

with the lack of buoyancy between the gas and liquid phases in the micro gravity 

environment, microgravity gas-liquid flows are expected to behave differently from those 

on earth. This implies that models and design correlations developed for earth-based two­

phase flow systems may fail to predict the behavior encountered in microgravity. In 

addition, it may be difficult to verify the operation, safety and reliability of systems 

designed for the microgravity environment while these systems are in earth gravity. 

Therefore, in order to develop reliable two-phase flow systems for use in space, the 

behavior of two-phase gas-liquid flows in microgravity must be better understood. 

The expense of on-orbit experimental investigations is generally prohibitive for 

preliminary studies such as the present one. However,drop tower and aircraft facilities 

exist within NASA which can produce up to 25 seconds of microgravity during which 

time, two-phase flow experiments can be performed. These unique facilities were used in 

the present study. 

1.2 Flow Patterns in Microgravity Two-Phase Gas-Liquid Flows 

Two-phase gas-liquid flows distribute themselves into one of several distinct flow 

patterns depending primarily on the flow rates of liquid and gas, the physical properties of 

the fluids and the magnitude and orientation of gravity. Numerous experiments conducted 

over the entire parameter space of practical interest have shown the existence of three flow 

patterns in microgravity. These are represented graphically in Figure 1.1 and a collection 

of photographs of these flow patterns is included as Appendix A. As shown in Figure 1.1, 
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the bubble flow pattern consists of discrete, nearly spherical gas bubbles surrounded by a 

continuous liquid phase. This flow pattern generally occurs when the flow rate of liquid is 

much larger than the flow rate of gas. When--the gas flow rate of a bubble flow is 

sufficiently increased, the flow pattern will undergo a transition to the slug flow pattern 

which is also shown in Figure 1.1. This flow pattern is characterized by bullet-shaped 

Taylor bubbles separated by slugs of liquid. Finally, if the flow rate of gas is much larger 

than the flow rate of liquid, an annular flow pattern is formed, consisting of a rough wavy 

liquid film on the perimeter of the pipe surrounding a core of gas and entrained liquid 

droplets as shown in Figure 1.1. 

The behavior of two-phase systems is strongly affected by the flow pattern. It is 

therefore possible for changes in the flow conditions which result in a flow pattern 

transition to cause large changes in important system characteristics such as pressure drop 

or heat transfer rates. Since changes in the magnitude and orientation of gravity can cause 

flow pattern transitions, the pattern which exists under a given set of conditions in 

microgravity must b6 known if the behavior of the system is to be predicted and 

understood. 

Early research efforts in two-phase flows in normal gravity attempted to develop 

mostly empirical models which covered the entire parameter space of practical interest 

without regard to flow patterns. Such models were valid only within the parameter space 

studied and contributed little to a mechanistic understanding of the flow. As the field 

progressed, research began to focus on modeling individual flow patterns since the physics 

of each pattern is unique. This effort to develop flow-pattern-specific models has generally 

proven to be more successful than the earlier global models. In order for such models to be 

useful, the flow pattern must be known for any given set of flow conditions. 
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Flow pattern maps, showing the conditions under which each flow pattern exists, 

have been established for two-phase flows in nonnal gravity for a variety of orientations 

and geometries (Baker, 1954, Dukler and Taitel, 1984, Bamea, 1986). In contrast, since 

the microgravity environment has only recently become accessible for two-phase flow 

experiments, flow pattern maps for microgravity conditions of interest are in an earlier 

stage of development (Dukler et al., 1988, Bousman and Dukler, 1993, Reinarts, 1993, 

Zhao and Rezkallah, 1993). The first part of the present study was therefore focused on 

establishing microgravity flow pattern maps for a variety of flow conditions, liquid 

physical properties and tube sizes. Using experimental measurements and observations, 

flow pattern transition models were also developed to predict the occurrence of the flow 

patterns in micro gravity . 

1 .3 Studies of Bubble, Slug and Annular Flow in Microgravity 

Most previous microgravity two-phase flow investigations have focused almost 

exclusively on flow pattern identification. While this is a key issue in the understanding of 

these systems, a deeper knowledge of the processes occurring within a given flow pattern 

is also required for practical design and operation of two-phase flow systems. The 

quantities of interest to designers of two-phase systems as well as for researchers in the 

field include the void fraction, liquid film thickness, bubble and wave velocities, pressure 

drop, wall shear stress and the rate of droplet entrainment as a function of flow conditions 

and fluid physical properties. Development of mechanistic models to describe these and 

other factors as well as the eventual development of full flow simulations will likely require 

experimental measurements of these quantities so that the underlying mechanisms can be 

deduced. 
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In the course of this study, an experimental apparatus and techniques were 

developed which allowed for the accurate and precise measurement of key quantities of 

interest in each flow pattern. The validity of earth-based models in predicting these 

quantities was assessed and in some cases, new models suitable for the micro gravity 

environment were proposed and tested. 

1 .4 Research Strategy 

The goal of this research program is to first develop the experimental apparatus and 

techniques needed to make a number of two-phase flow measurements in the short duration 

microgravity environment provided by the NASA research aircraft. This effort is described 

in Chapter 2. The next phase of this study establishes flow pattern maps for three sets of 

liquid physical properties and two tube diameters across the gas and liquid flow rate 

parameter space of practical interest. This work is presented in Chapter 3. More detailed 

measurements of void fraction. bubble velocity and pressure drop are made for bubble and 

slug flow in Chapter 4. Efforts to model these quantities are also described. Since annular 

flow is of primary interest in most practical two-phase flow systems, a detailed study of 

this flow pattern is presented in Chapter 5 including the characterization of the waves and 

liquid film, as well as measurements of the pressure drop and wall shear stress. The 

measurements of bubble, slug and annular flow are used to develop and refine flow pattern 

transition models as described in Chapter 6. Finally, the results and conclusions which can 

be made from this study as well as recommendations for future work are summarized in 

Chapter 7. 
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Chapter 2 Experimental Apparatus 

2. 1 Microgravity Aircraft Facilities 

Both the Learjet Model 25 aircraft based at the NASA Lewis Research Center and 

the KC-135 aircraft based at the NASA Johnson Space Center were used to conduct the 

microgravity experiments reported in this study. By following the parabolic flight path 

shown in Figure 2.1, these aircraft can produce periods of reduced gravity lasting 15-25 

seconds (Lekan, 1989). By modifying the f'!ight path, gravity levels of 0 g, 0.17 g (lunar) 

and 0.33 g (Martian) can be produced. This technique currently produces the longest 

period of reduced gravity available without resorting to space flight. 

The Learjet can perform a maximum of six trajectories in a single flight before 

aircraft limitations require a return to the airport. The KG:- 135 aircraft can typically perform 

40-50 trajectories in a single flight. Up to two flights per day can be performed by either 

aircraft. 

To monitor the quality of the microgravity condition produced on the aircraft, three­

axis accelerometers accurate to 0.00 1 g were mounted on the aircraft flow loops. A typical 

time trace of the z axis (floor to ceiling) acceleration measured during the microgravity 

trajectory is shown in Figure 2.2. This trace has a mean value of 0.008 g with a standard 

deviation of 0.017 g in the range of 7 - 18 ~ where the aircraft is considered to be in 

micro gravity . The oscillations in the trace were caused by corrections to the trajectory, 

aircraft vibrations and atmospheric turbulence. Similar results are typically obtained for the 

x axis (nose to tail) and y axis (wing-tip to wing-tip) accelerations as well since these 

variables are also actively controlled by the pilots. Only data taken when the acceleration 

was within 0.02 g of zero in all three directions were used.for the microgravity tests 

reported in this study. As a result, the duration of the experiments was typically 7-15 s. 
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2.2 Aircraft Flow Loops 

The flow system used on board the Learjet to conduct experiments with the 12.7 

rom ID test sections is shown schematically in Figure 2.3. The purpose of this system is to 

provide metered quantities of air and liquid to the mixer, collect the liquid for recycle and 

vent the air exiting the test section. 

The air flow rate is controlled by passing the air through one of two choked orifices 

depending on the flow rate desired. The orifice plates are sized so that sonic velocity is 

achieved at the orifice for flow rates in the desired range. Once sonic velocity is achieved, 

the gas mass flow rate is a function only of the upstream pressure and temperature 

[Anderson, 1982]. This configuration eliminates the effect of downstream pressure 

changes on the gas flow rate. The upstream pressure is set prior to the experiment with a 

pressure regulator. During the experiment, the on-board computer records the upstream 

pressure and temperature (through a pressure transducer and thermocouple) at 1 Hz and 

calculates the gas mass flow rate and superficial velocity based on these measurements. 

The system is periodically calibrated so that accurate mass flow rates can be set and 

measured. Numerous experiments have shown that this system provides a steady mass 

flow rate of air to the system which is typically within 10% of the desired set point. 

The liquid flow rate is controlled by a pair of metering valves on the discharge of 

the feed tank. In order to maintain a constant pressure in the feed tank during periods of 

reduced gravity and to prevent air bubbles from being ingested into the liquid system, the 

tank is equipped with an air pressure loaded piston. The liquid flow rate is a function of 

the pressure above the piston, the settings of the metering valves and the properties of the 

liquid being used. The turbine meter provides a digital readout of the flow rate via the 

computer system. The liquid system is periodically calibrated to provide set points for each 

liquid used and the liquid flow rate achieved is also typically within 10% of the desired set 

point. Both the liquid and gas supply systems contain solenoid activated on-off valves 
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which allow the computer to start and stop the flow at the appropriate times during the 

trajectory. 

In the mixer, the air is introduced axially into the tube while the liquid is introduced 

nonnal to the air stream. The body of the mixer is transparent so that details of the mixing 

dynamics can be observed and photographed. The internal tube in the mixer is 

interchangeable and two configurations were used in this study. During the flow mapping 

experiments to be described later, the liquid was introduced into the air stream through a 

series of small holes evenly distributed along the internal tube. Prior to the annular flow 

studies, the internal tube was replaced by a tube which introduced the liquid into the air 

stream as an annular film. While the dynamics inside the mixer were altered with the 

change in configuration, lab tests confirmed that the flow pattern observed at the end of the 

flow development section was unaffected by the changes in the mixer. 

The two-phase air-liquid mixture exits the mixer into a 1.1 m length of smooth 11.2 

mm ID stainless steel tubing which provides a flow development length of 86 pipe 

diameters upstream of the test section. The length of the development section is 

constrained by the available cabin space in the Learjet. Lab tests with a transparent 

development section in the concurrent upward, downward and horizontal flow 

configurations demonstrated that an unchanging flow pattern was achieved within 30 cm of 

the mixer outlet in all combinations of gas and liquid flow rates used during these studies. 

Based on these observations, and direct observation of unchanging flow pattern in the test 

section during microgravity, the flow development length used was deemed to be sufficient 

to provide a fully developed two-phase flow to the test section in all cases. The mixer, 

development section and test section are joined using Swagelock fittings which have been 

bored out to provide a constant internal diameter and a smooth connection between tubes. 

Upon exiting the test section, the two-phase mixture passes into the gas-liquid 

separator. Since buoyancy cannot be used to separate the phases in microgravity, the 
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mixture is passed through a series of concentric stainless steel screen mesh cylinders. The 

liquid spreads across the mesh by surface tension and remains attached during 

microgravity. During the high gravity pull out portion of the flight trajectory, the liquid 

drains off the mesh to the bottom of the tank where it can be recycled. The air passes 

through the mesh unhindered and is vented through a pressure regulator to the aircraft 

cabin. While droplets of liquid are occasionally entrained in the vented gas when the 

highest flow rates are used, this technique provides a simple method for separating gas­

liquid flows during short periods of reduced gravity. 

The flow loop used on board the KC-135 aircraft with the 25.4 mm ID test section, 

shown schematically in Figure 2.4, was constructed after the Learjet flow loop studies 

were complete and thus incorporates many improvements based on experience gained from 

the Learjet flow loop. The KC-135 flow loop supplies metered flow rates of air and liquid 

to the mixer in the same method as the Learjet flow loop. The capacities of the gas and 

liquid supply tanks are much greater than those in the Learjet flow loop because the KC-

135 performs many more trajectories in a single flight. The KC-135 flow loop also 

features a recycle system which pumps liquid from the gas-liquid separator to the liquid 

feed tank during the time between trajectories. The mixer is a venturi which provides a gas 

core and annular liquid film similar to the annular mixer used in the Learjet flow loop. The 

system is distributed across three racks which can be moved relative to each other and 

provide considerable flexibility in the lengths of test sections and flow development 

sections which can be used. 

Since operations such as turning valves or activating switches can be difficult to 

perform in microgravity, many of the functions of the flow loop are controlled by a 

dedicated computer. Prior to entering the trajectory, the metering valves and regulators are 

set for a given experiment while the solenoid valves remain closed. When the operator 

feels the transition from the high gravity pull up to the microgravity portion of the 
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trajectory, a single switch is activated which initiates all control functions on the computer. 

The computer first opens the solenoid valves, initiating the flows of gas and liquid. After a 

brief delay while the two-phase flow is allowed to develop, all probes and cameras are 

activated and the data are recorded in the computer random access memory. After 25 

seconds, the computer shuts off the flows of gas and liquid and deactivates all instruments 

and cameras. During the brief period between trajectories, the data are written to a 

permanent storage device while cameras are reloaded and the flow rates for the next run are 

set. Both flow loops require only two operators to conduct the experiments. 

2 .3 Flow Visualization 

During the course of this study, direct observation of the two-phase flow 

phenomena was central to the determination of flow patterns as well as the identification of 

potential mechanisms of transition. Flow features such as bubbles and waves may be less 

than 2 cm in length but can travel at velocities greater than 5 mls. The human eye does not 

provide sufficient resolution to directly capture the details of such flows. Laboratory 

experiments have also demonstrated that standard video equipment, recording images at 30 

frames per second, is inadequate for resolving two-phase flows in detail. Experience 

gained in this study has shown that high-speed photography or high-speed video recording 

is necessary to fully visualize the flow. High-speed photography was used in this study 

because of the prohibitive cost of high-speed video systems. 

The movie films used in this study were taken with Milliken DBM5 high speed 

cameras using Kodak RAR2498 black and white film. The cameras had a shutter speed of 

0.002 s and were calibrated to run at 400 frames per second. The cameras were fixed to 

the experiment racks and automatically activated by the computer 6 s after the flow started. 
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To avoid image distortion caused by the difference in refractive indices of the 

curved tube and the air, a viewing box was placed over the portion of the test section in 

view of the camera. This box presents a flat Plexiglass surface to the camera. The internal 

space between the viewing box and the test section tube was filled with water because the 

refractive index of the Plexiglass is much closer to that of water than that of air. A 

transparent millimeter scale attached to the box allows length scales to be determined from 

the images. 

Lighting the viewing box from the back was found to give the best images. A 

lighting bar consisting of incandescent bulbs covered by a diffuser plate and placed against 

the back surface of the viewing box was used. An LED display showing the elapsed time 

is also in view of the camera so that the velocity of features in the flow can be computed 

from the images. The success of the photographic techniques used in this study is 

demonstrated by the photographic images in Appendix A, which show clear images of 

bubble, slug and annular flows. 

2 .4 Void Fraction Measurement Technique 

A key design variable in multiphase flow systems is the void fraction (the ratio of 

the gas volume to the total volume) of the mixture. This quantity is useful in predicting 

two-phase physical properties, such as the mixture density, as well as in modeling heat 

transfer in vaporizing and condensing systems. It will be shown in later parts of this work 

that the gas void fraction of a two-phase mixture cannot simply be determined as the ratio 

of gas to gas-and-liquid flow rates as might be expected. Thus a local measurement of the 

void fraction is useful in correlating experimental results and in developing physically 

based two-phase flow models. 
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As will be discussed in detail in later sections, the void fraction measurement 

required for modeling is one which is axially local but averaged over the cross section of 

the tube. Early measurement techniques involved capturing a portion of the mixture in a 

holding vessel or in the pipe between fast-closing valves. These provide only overall 

averages (both axially and radially) and cannot measure void fraction in different regions of 

the flow such as in liquid slugs and across Taylor bubbles. A better technique uses flush 

mounted ring electrodes which measure void fraction by measuring the electrical 

conductivity of the mixture between the el.ectrodes. This provides axially local 

measurements averaged over the cross section of the tube as required and does not disturb 

the flow. The output however is highly non-linear over the entire range of void fraction 

and the geometry of the electrod~s must be matched to the range of void fractions to be 

measured (Colin, 1990). A variation of this technique involves measuring the electrical 

conductivity between parallel wires spanning the cross section of the tube. This idea was 

first proposed by Brown et aI., 1978 for measuring liquid film thickness but was also 

adapted in this work to measure void fraction. 

The configuration of the parallel-wire void fraction conductance probe is shown in 

Figure 2.5. Two 76 Ilm diameter thermocouple wires (13% Rh, 87% Pt) are stretched 

tightly across the tube cross-section separated by a 2.5 mm gap. The wires pass through 

0.1 rom diameter holes in the tube wall which are sealed externally with O-rings. Accurate 

measurements require that the wires remain parallel, so the wire tension is maintained with 

external tensioning screws which are held fast with glue once the wires are in place. 

The void fraction measurement is made by measuring the electrical conductance 

between the wires. The gas phase is essentially non-conductive while the liquid phase is 

made to be conductive using a small amount of sodium chloride (typically 0.5-1.5 gIL) to 

raise the specific conductance of the solution to approximately' 0.002 mho/cm. The signal 

is therefore proportional to the fraction of conductive liquid between the wires. Since two-
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phase flow features move quickly down the tube, a special high-speed conductance­

measurement electronic system is required to obtain an ~{(ially local measurement. A 

prototype system was developed by the University of Houston and Circuit Concepts Inc. 

in the course of a previous study as described by Lacy, 1992. This system was modified 

by Circuit Concepts, Inc. and transferred to a printed circuit board using military-grade 

electronic components in order to provide accurate measurements in the high-vibration and 

high-electromagnetic noise environment of the aircraft. 

To measure the conductance between the wires, a voltage must be applied between 

them. If a dc voltage were to be applied, migration of ionic species towards the wires 

would cause the signal to drift. The excitation of the wires must therefore occur at high 

alternating frequency. As mentioned by Brown, et aI., 1978, the conductance between 

wires varies only as the log of the distance between them which can lead to significant 

interference between multiple probes operating in the same flow system. Measurements 

which are free of interference require that only one probe be active in any instant of time. 

Unfortunately, electronic systems which do not prevent this interference still appear in the 

literature (Paras and Karabelas, 1991). 

The Circuit Concepts, Inc. system excites each of 16 conductance measurement 

channels in sequence by switching a 16 kHz square-wave voltage signal between them 

(Lacy, 1992). Each probe is active for 62.5 Jls during which time, the other channels are 

inactive. After the channel is activated, the system is allowed to stabilize and the 

measurement is taken during the last 8 JlS of the sampling window. This signal is stored in 

a sample-and-hold circuit for output. For this study, the system was configured to provide 

a 1 kHz output allowing frequencies of up to 500 Hz to be distinguished in the 

measurements. 

The output signal from the conductance system is a function of the specific electrical 

conductance of the liquid solution, which can change with variations in the salinity and 
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temperature of the solution. To correct for small changes in the electrical conductance of 

the solution, the liquid was passed through a standard reference cell prior to entering the 

mixer. This cell is similar in construction to the void fraction probe shown in Figure 2.5 

and is driven by the conductance measurement system. Since the offset voltage of all 

conductance channels is zero for a zero input, the output signals for the other conductance 

measurements can be corrected for changes in the solution conductivity by dividing the 

output signal by the reference cell output signal. During the microgravity experiments, the 

reference cell reading was recorded at 1 Hz and the results averaged over the run to produce 

a single reference voltage. Since the liquid solution was well-mixed prior to flight, the 

salinity and temperature were uniform throughout the liquid tank and only small deviations 

« 1 %) from the average value were observed in the individual measurements. 

The void fraction probe was calibrated using the apparatus shown in Figure 2.6. A 

two-phase mixture is passed upward through the vertically mounted test section containing 

the probe. The void fraction output signal from the conductance system was averaged for 

two minutes using a digital oscilloscope. At the end of the averaging period, the fast 

closing valves were shut and the height of liquid between the valves was measured. The 

time-averaged void fraction is determined from the ratio of the liquid height to the total 

height between the valves. The conductivity reference voltage was also recorded with 

every reading and used to correct the output signal for changes in conductivity. By varying 

the proportions of liquid and gas fed to the test section, the probe is calibrated over the 

entire range of void fraction. A typical void fraction calibration curve is shown in Figure 

2.7 and the response is clearly linear over the entire range of void fraction. The probe was 

calibrated prior to flight and checked after flight to ensure that the calibration had not 

appreciably changed. 

The uncertainty in the void fraction measurement is thought to be due primarily to 

the error in measuring the liquid height during calibration and in discretizing the analog 
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output of the conductance system with the analog/digital converter in the data acquisition 

system. The void fraction, a, is determined from the height of liquid shown in Figure 2.6 

by 

a=I-~ hr· (2.1) 

Based on the equipment used during the calibration procedure, the uncertainty in the height 

measurements is estimated to be 0.5 mm. This yields a maximum uncertainty in the void 

fraction measurement of only ±0.4% for a void fraction of 0.75. As will be shown in later 

sections, for void fractions greater than 0.75, the flow pattern is annular and the void 

fraction probe was used only qualitatively in the annular flow regime. The discretization 

uncertainty caused by digitizing the signal in the 12-bit aircraft data acquisition system is 

only ± 1.25 m V for the 0-10 V range of the system. With the typical full scale output (a = 

0) of 7 V, the discretization produces an uncertainty of ±0.5%. Therefore, the uncertainty 

associated with the void fraction measurement are thought to be small, on the order of 

±0.65%, in the range of 0 < a < 0.75. 

The dynamic response of the void fraction probe is controlled by the response of 

the conductance system driving the probe. The output stage of the system is a low-pass 

filter with an RC time constant of 0.1 ms, producing a dynamic response of 10kHz (Grob, 

1977). However, since the conductance system is complex, the dynamic response to a step 

change was directly measured. A circuit was constructed which switched the input of the 

conductance measurement system between two resistance values in 4 j.LS. The response of 

the conductance system to this step change was recorded on a high speed digital 

oscilloscope and is shown in Figure 2.8. The results show no overshoot, indicating that 

the response of the conductance system is essentially first order (Tse and Morse, 1989). 

The normalized response of a first order instrument to a step response is given as 

y = (1 - e-tl9 ), (2.2) 

23 



~ 

~ 
VJ 
d 

~ 
~ 
~ 

~ 

) 

1.2 
! 

0.8 

0.6 

0.4 

0.2 

1 ·--· .. ··--··-·····-·····1--:·········-··-·······-·---··.+--... . I ------; ; . , •......•. _ ......... -
.. ---- ..... ..::.~.-~.~-l~ .. ~-~~.~~~-:.-:J · " I .... -.. -.. -... -... -

:. . r ... -.... -........ _ ....... -. 100% at I 15 
_ ,.' ' ' . fiS 

..::~:~·::·~~~:lf-··-·--·-·---+···l·-·-····---··---L.--.-.-.-.-..... 

.... __ ....... _ ........ __ . ..1 : : i 9 = 540 I' !-.. --.. 
........... ~.:.~._.JI:---·:·---·i··-····-··~------:··1.-...... -------.--

• ' I .... -.-.-.-.. , • ' • i I ............ y .... + .............. €1 = 900 i 
• I • 2 JlS . • i I • I .. r ...... · .......... · 

0

' ' • ' , ...... - .... -... . : . . ' ; ._ .... 

O 

I I • : j • i ! . I 
0.5 1.5 1 2 

Time (ms) 

Figure 2.8 Conductance System Response to a 4 J.1s Step Change 



where e is the time constant of the system. For tiS = 1, (2.2) is solved to yield a value of 

0.632. By determining the time needed for the response in Figure 2.8 to reach 63.2% of 

full scale, the time constant of the system was estimated to be 540 J.1s, leading to a dynamic 

response of 1850 Hz. Since the conductance measurements were acquired at 1000 Hz, the 

response was not limited by the conductance measurement system and frequencies of up to 

500 Hz can be resolved in the void fraction measurement. 

A typical void fraction time series trace of microgravity bubble flow is shown in 

Figure 2.9. The oscillations in the trace are individual bubbles passing between the wires 

as confirmed by comparing the trace with the high-speed movie films. 

2.5 Film Thickness Measurement 

A description of the shape of the gas-liquid interface is useful in understanding the 

nature of two-phase flows. The curvature of Taylor bubbles and the amplitude and shape 

of annular waves are closely related to phenomena such as pressure drop and entrainment 

of droplets which are of considerable practical interest. As will be shown in later sections, 

the shape of the interface is continuously changing and features such as bubbles and waves 

can travel at velocities greater than 5 mls. In addition, the thickness of annular liquid films 

may be less than 0.2 mrn with waves of only 0.5 mm in amplitude. Thus a non-intrusive 

probe which could measure the local thickness of very thin liquid films at a frequency 

sufficient to resolve the features in the flow was required. 

Ideally, a film thickness probe should yield a point measurement at high frequency 

without disturbing the flow. This scenario has nearly been achieved using laser systems 

and related optical techniques in simple flow geometries such as large ducts and open 

channels. However, applying these techniques in small, closed pipes, such as those used 
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in this study, presents many problems related to maintaining a clear path for the laser 

(J ayawardena, 1993). An alternative technique is the parallel wire conductance probe as 

described by Brown, et al., 1978. The configuration of the probe is shown in Figure 2.5. 

The probe is identical to the void fraction probe described previously except that half of the 

length of the wires is insulated from the flow using thin coats of a spray rubber compound. 

The probe is driven by the conductance measurement system described previously and the 

output varies linearly with the height of the liquid film between the two wires. 

Calibration of the film thickness probe requires special attention to precision 

because the liquid films in annular flow can be less than 0.2 mm in thickness. 

Traditionally, the test section containing the probe was laid horizontally with the wires 

positioned vertically and the liquid level raised while recording the output of the probe 

(Zabaras, 1985). This technique does not work well for small tubes «1.5 cm ID) where 

the curvature of the pipe and surface tension of the liquid make producing very thin liquid 

films difficult. In additi9n, Lacy, 1992presented evidence that this method produced 

erroneous results when compared to vertical falling films, although this could not be 

confirmed in the current study. For these reasons, an alternative calibration technique 

suitable for small tubes was developed in the course of this study. 

A schematic representation of the film thickness calibration technique is shown in 

Figure 2.10. A Taylor bubble, injected into the section with a syringe, is held with a rod 

over the film thickness probe wires while liquid is pumped downward. A 50-50 wt% 

mixture of water and glycerin is used instead of water in order to reduce oscillations of the 

Taylor bubble. Various combinations of the rod position and the flow rate of liquid are 

used to produce liquid films over the wires ranging from 0.1 mm to 6.35 mm (pipe radius 

for the 12.7 mm ID test sections) in thickness. The thickness of the liquid film was 

measured using a needle gauge which was also connected to the conductance measuring 

system. After averaging the probe output for 30 s, the needle gauge was moved towards 
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the liquid film until the needle contacted the liquid surface. When contact was made, a step 

change in the response of the conductance system would be observed on an oscilloscope. 

Once the surface was detected, the needle was stopped and the film thickness recorded. 

During the entire procedure, the reference cell reading was recorded and used to correct the 

results for changes in liquid temperature or salinity. A typical film thickness calibration 

curve is shown in Figure 2.11. The response is clearly linear over the entire range (0 -

6.35 mm) although nonlinearity was reported for this system for very large film 

thicknesses (> 20 mm) by Lacy, 1992. 

The uncertainty in film thickness measurement is similar to that for the void fraction 

measurement with the largest uncertainties being attributed to the precision in measurement 

of the film thickness during calibration and in discretizing the output of the conductance 

measurement system. Based on the resolution of the needle gauge used for film thickness 

calibration, the calibration uncertainty is estimated at ±0.02 mm. This produces an 

uncertainty of ±4% for a film thickness of 0.5 mm (a typical value for annular flows). The 

discretization uncertainty of±1.25 mV produces an uncertainty of only about ±0.6% for 

the same 0.5 mm annular film assuming a typical 5 V output for full pipe flow. Therefore 

the uncertainty in the film thickness measurements is estimated to be less than ±5% for film 

thicknesses of 0.5 mm or greater. The dynamic response of the film thickness probe is the 

same as that of the void fraction probe since both are limited by the response of the 

conductance measurement system. 

Typical film thickness time traces for a Taylor bubble in slug flow and an annular 

wave are shown in Figures 2.12 and 2.13, respectively. The actual measurement points, 

acquired at 1000 Hz, are shown across a liquid slug and Taylor bubble for rnicrogravity 

slug flow in Figure 2.14. A similar view of a microgravity annular wave is shown in 

Figure 2.15. As shown, the resolution is sufficient to define the curvature of the Taylor 

bubble and to completely describe the shape of the annular wave. Measurements of this 
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detail will be required for accurate simulation of processes occurring at the gas-liquid 

interface. 

2.6 Velocity Measurement 

The velocity at which bubbles or waves travel is important to the understanding of 

the interaction between the gas and liquid in two-phase flows. In addition, the amplitude 

and frequency of vibrations induced by slug or annular flows on board spacecraft are of 

interest to designers. For these reasons, techniques were developed to measure the velocity 

of bubbles and waves in the flow. 

Initial velocity determinations were made using high-speed movie film. A 

millimeter rule was attached to the camera viewing window mounted on the test section so 

that a bubble or wave front could be timed over a known distance. At a camera speed of 

400 frames per second, this technique has a temporal resolution of 2.5 ms which is 

sufficient to track the features in the flow. The procedure is very time consuming however, 

requiring the velocity determination of many individual features in order to produce a 

reliable average velocity. 

A more accurate and less time consuming approach uses the film thickness and void 

fraction measurements to determine the velocity from the time series of the conductance 

probes. In the test sections used in this study, the conductance probes (void fraction or 

film thickness) were a known distance apart. As a feature such as a bubble or wave front 

moves through the test section, it produces a signal first at the upstream probe and then at a 

downstream probe, separated by a distinct time lag. As long as the velocity of the feature is 

relatively constant and the shape of the interface does not change significantly, the velocity 

can be computed by taking the ratio of the probe separation distance to the measured time 
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lag. High speed photography confirmed that over short distances, the velocity and shape 

of the bubbles and waves are relatively constant. 

The average time lag between any two probes can be computed from the normalized 

cross-correlation function given by Thomas, 1971 for processes X I and X2 as 

( ) R12 (t) 
P12 t = , 

[R ll (t) R22 (t)] 112 
(2.3) 

where P12 is the normalized cross-correlation function and t is the time lag between 

probes. The cross-correlation function R is given by 

(2.4) 

where E represents the expectation value (mean). When the calculation was performed 

using a film thickness and a void fraction signal, the void fraction was converted to an 

equivalent film thickness by 

h. = 1 _ a l/2 

R • 
(2.5) 

where h is the local film thickness and R is the tube radius. 

Using two conductance time series traces from a given experiment, the normalized 

cross-correlation is computed as a function of time lag. A typical result is shown in Figure 

2.16. As shown, there is a well defined maximum in the normalized cross-correlation 

which occurs over a narrow range of time lag. This indicates that the features in the flow 

are traveling at a nearly uniform velocity, consistent with the photographic evidence. The 

modal value indicates the most common time lag which is used to calculate the average 

velocity. 

The resolution of this technique is limited to 1000 Hz by the resolution of the 

conductance probes leading to a discretization uncertainty of ±O.25 ms for the time lag. 
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This causes an uncertainty of ±3% at a velocity of 3 mls typical of annular waves and an 

uncertainty of ±1O% at 1 mls typical of bubbles in bubble and slug flows. While these 

uncertainties are significant, this technique is more accurate than photographic 

determination, which only has a resolution of 1.25 ms. 

To confirm the validity of the electronic velocity determination, the velocity 

determined in this way was checked against the velocity determined photographically. A 

strong correlation existed between the two techniques for bubble and slug flows. However 

there was a serious discrepancy between the techniques for annular flow due to the extreme 

difficulty in tracking wave fronts photographically. The electronic velocity determination 

technique was therefore judged to be superior. 

2.7 Pressure ~easuremnent 

Gas-liquid flow often exhibits greatly enhanced pressure drop as compared to 

single-phase gas flows. The presence of even a small amount of liquid on the perimeter of 

a pipe in annular flow can result in a ten-fold increase in the gas-phase pressure drop 

(Bousman and McQuillen, 1994). The current knowledge of two-phase pressure drop in 

microgravity is very limited, consisting of a few empirical correlations and data sets 

confined to a relatively small region of parameter space (Colin, 1990, Miller, et al" 1993). 

A better understanding of the mechanisms leading to this pressure drop enhancement is 

important in determining the nature of momentum transfer between the two phases as well 

as for minimization and control of pressure drop in two-phase systems. 

The accurate measurement of pressure drop in a two-phase system operating in the 

high vibration aircraft environment requires considerable attention to detail. A common 

problem in two-phase pressure measurements is the presence of gas bubbles in liquid filled 

lead lines between the test section and the pressure measuring apparatus. With a gas 
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bubble bridging the line, the pressure is offset by an amount equal to the surface tension at 

the gas-liquid interface. This effect often occurs intermittently and results in unreliable 

measurements. In the micro gravity aircraft environment, errors in the pressure readings 

can also be generated by hydrostatic pressure in the lead lines due to the small, non-zero 

accelerations experienced by the aircraft. This effect is minimized by reducing the length of 

the path between the desired point of measurement and the pressure transducer. 

Initially, standard Validyne DP15 differential pressure transducers were used but 

poor results were obtained. Despite the presence of a purging system, the liquid lead lines 

could not be kept free of gas bubbles. In addition, the transducers were subject to offsets 

as large as 20% of full scale caused by the severe aircraft vibration experienced prior to 

entering the microgravity trajectory. These results suggested that differential pressure 

transducers with external lead lines would not function properly in the microgravity aircraft 

environment. 

The problems with pressure drop measurement were solved by using Druck PDCR 

820 pressure transducers (l psi full scale) with flush mounted diaphragms. These 

transducers use a silicon wafer as a pressure-sensitive diaphragm with the strain gauge 

doped directly onto the back side of the wafer. The transducer is unaffected by severe 

vibration and contains no internal dead volume where gas bubbles can collect. 

The smallest-diameter diaphragm available was still too large to mount flush on the 

inside of the test section so a liquid-filled pressure transducer mount was developed. The 

details of this mount are shown in Figure 2.17. The mount holds the pressure transducer 

diaphragm in a liquid-filled cavity which is connected to the test section by a 1 cm long 

channel. The cavity is shaped so that air bubbles will rise out of the cavity into the test 

section when the test section is oriented horizontally (when the aircraft is in level flight). A 

purge connection at the bottom of the cavity allows the cavity to be filled with liquid while 

the air is pushed into the test section. The result is a liquid-filled path between the test 
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section and the transducer which is free of bubbles and too short for hydrostatic heads to 

alter the results. The mount is made of transparent Plexiglass so that purging of the cavity 

can be confIrmed. The mounts are purged in flight and the purge flow is stopped just prior 

to entering the trajectory. Numerous observations have confirmed that the mounts remain 

free of gas bubbles throughout the trajectory. 

The pressure inside the test section is controlled by the pressure regulator in the gas 

vent on the gas-liquid separator which holds the system pressure at about 2 psi above the 

aircraft cabin pressure. To prevent over-ranging of the pressure transducers, a version of 

the transducer with a pressure reference tube was used. In the Learjet flow loop, equal­

length air-filled tubes connect the reference tube of each transducer to the gas space inside 

the gas-liquid separator upstream of the pressure regulator. On the KC-135 flow loop, a 

downstream-facing pitot tube was used as a reference system pressure. As the system 

pressure changes, the transducers are equally offset and remain in range. The pressure 

difference between transducers is then used to calculate the pressure drop. 

The circuitry used to drive the pressure transducers and output the signals to the 

data acquisition system was developed at the University of Houston using military-grade 

electronics and hardware to minimize the effects of vibration and electromagnetic noise 

found in the aircraft environment. Multiple gains are provided so that a measurable output 

signal is produced even when the pressure drop is very low such as in bubble flow. The 

system provides individual transducer outputs as well as a differential output. Due to 

problems with precisely balancing the differential output, the individual outputs were 

subtracted point by point on a computer to obtain the differential pressure between 

transducers. 

The pressure transducers and related electronics were calibrated by mounting the 

transducers in a air-tight test section. The pressure in the test section was set using 

mercury-filled and water-filled manometers equipped with indicating scales. A typical 
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calibration curve is shown in Figure 2.18. As shown, the response is linear even for 

pressures greatly exceeding the 1 psi full scale specification. The calibration was checked 

periodically but little deviation from previous calibration results was noted. 

The accuracy of the pressure measurement is limited by the precision of the 

transducers, the uncertainty associated with calibration and the discretization uncertainty of 

the data acquisition system. The accuracy of the transducer is certified by the manufacturer 

to be 0.1 % of full scale or 0.001 psi. The maximum error in pressure measurement from 

the mercury manometer used for calibration is estimated to be 0.03 psi. The ±1.25 mV 

discretization uncertainty leads to an uncertainty of only ±O.05% of full scale. Thus the 

estimated uncertainty is calculated to be about ±3% at I psi (typical for annular flow). For 

bubble flow experiments, where pressure gradients can be as low as 0.05 psi/m, the 

uncertainty in the measurement is considerable unless very long test sections are used. 

The frequency response of the pressure measurement system is controlled by the 

response of the transducers and the electronics. According to the manufacturer, the 

pressure transducers have a -3 dB cutoff frequency of approximately 2000 Hz. The 

frequency response of the electronic circuit can be adjusted from 2 - 500 Hz by changing 

the values of the filter resistors. After much testing on the ground and in the aircraft, a 

cutoff frequency of 50 Hz was deemed to be optimal for these studies. As will be shown 

in later sections, the frequencies of slugs and waves are confined to < 30 Hz. While the 

pressure transducers did not respond to direct mechanical shocks. they did record pressure 

noise due to aircraft and camera induced vibrations transmitted through the liquid in the test 

section. Since most- of this noise was in the 60 - 400 Hz frequency range, a cutoff 

frequency of 50 Hz was effective in reducing most of this noise. While this frequency 

response is adequate for determining the mean pressure drop in the test section. it may not 

be sufficient for measuring the precise pressure profile over the gas-liquid interface. To 
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accomplish this, higher-resolution measurements in a vibration-free environment such as in 

space flight may be required. 

The typical pressure time-series traces for annular flow in microgravity are shown 

in Figure 2.19. The pressure transducers were separated by 0.5 m in this experiment and 

the change in mean value due to pressure drop across this distance is evident. The traces 

show a complex pattern of oscillations caused both by waves passing over the transducer 

and waves passing between the transducers and the gas-liquid separator where the pressure 

reference is located. 

2.8 Wall Shear Stress Measurement 

Wall shear stress measurements were made in a series of microgravity annular flow 

experiments so that the factors contributing to the total pressure drop could be better 

understood. The large pressure drop enhancement observed in annular flow as compared 

to single-phase gas flow is caused by a combination of wall friction, form drag across the 

wave and entrainment and deposition of liquid droplets. An independent measurement of 

the wall shear stress is useful in evaluating the relative importance of these contributions. 

A comprehensive review of wall shear stress measurement techniques is given in 

Goldstein, 1983. Of the many techniques presented, only the hot film and electrochemical 

techniques, which are analogs of each other, have sufficient response to track the fast­

moving annular waves. While the electrochemical technique is more sensitive, it involves 

the use of toxic compounds, such as potassium ferrocyanide, which are not permitted 

aboard NASA aircraft. For this reason, the hot film technique was selected to measure wall 

shear stress. 
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The hot film probe used for these studies is shown in Figure 2.20. A set of these 

probes were manufactured for this project at the NASA Langley Research Center, although 

similar probes are available commercially. As shown, the probe consists of nickel hot film 

sensor and temperature compensator elements deposited on a 50 ~ thick polyimide plastic 

film. The large copper pads are used to provide low-resistance connections to the 

elements. The wire leads connecting the copper pads to the instrumentation are located 

downstream of the elements so as to not disturb the flow. The entire probe is coated with a 

5 J.lm layer of polyimide to electrically insulate the elements from the liquid. Since the 

probe is thin and flexible, it can be mounted flush to the inside wall of the test section. To 

minimize flow disturbances caused by a step at the leading edge of the probe, a shallow 

groove, approximately 125 J.lm in depth, was milled into the test section wall. The back 

side of the probe was coated with a thin layer of marine-grade epoxy, and laid into the 

groove. A small balloon was inflated inside the test section to push the probe flat against 

the wall while the epoxy cured. The result was a probe which was flush to the wall of the 

tube to within 20 J.lm, which is about the same as diameter tolerance of the test section 

Plexiglass tubing. The wire leads from the probes exited the test section immediately 

downstream of the probe and were insulated and sealed with polyester resin. 

The idea of relating wall shear stress to the rate of heat transfer from a heated 

element was first used experimentally by Ludweig, 1949. The operating principle behind 

the hot film probe is shown in Figure 2.21. During operation, the sensing element is 

maintained at a constant temperature, approximately 40 C above the liquid temperature, 

using a Thermal Systems Inc. Model 1054A anemometer circuit. The electrical diagram of 

the circuit and the probe is presented in Figure 2.22. The anemometer circuit continuously 

adjusts the current to the element so that the resistance, and therefore the temperature, 

remains constant. The anemometer circuit also provides an output voltage which is 

proportional to the current required to maintain the element temperature. The output signal 

is therefore related to the rate of heat transfer from the hot film element. Since changes in 
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the fluid temperature would also lead to changes in rate of heat transfer which are not 

related to changes in the wall shear stress, a temperature compensating resistance element is 

also included on the probe. By including this resistance in the anemometer bridge circuit as 

shown in Figure 2.22, the voltage output is automatically adjusted for changes in fluid 

temperature. In practice, the compensation is effective only when the fluid temperature is 

within about 5 C of the calibration temperature. Fortunately, this condition was maintained 

in all flight experiments. 

The element temperature is determined by the value of the temperature 

compensating resistance shown in Figure 2.22. As the sensing element temperature is 

increased, the sensitivity increases. However a point is reached when the element 

temperature becomes sufficient to cause the liquid to vaporize on the element surface. 

Operation in this mode results in erroneous results and excessive element temperature can 

lead to failure of the probe. The control resistance was adjusted when the probe was 

covered with a layer of stagnant liquid since vaporization is most likely to occur when the 

liquid velocity is low. The control resistance was raised until vaporization was observed 

and then the resistance was lowered slightly. This method maximizes probe sensitivity 

while protecting the element from thermal damage. 

The relationship between the anemometer output and the wall shear stress is 

developed in Goldstein, 1983 from boundary layer theory. The development requires that 

the thermal boundary layer lie entirely within the wall region of the momentum boundary 

layer where the velocity gradient is approximately linear as shown in Figure 2.21. The 

development also assumes that natural convection effects are small making the technique 

unsuitable for extremely low velocities. When these assumptions are met, the relationship 

between wall shear stress and output voltage becomes 

'tw1l3 == A V2 + B, (2.6) 
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where 'tw is the wall shear stress, V is the anemometer output voltage and A and B are 

constants. The constant A is related to the heat losses to the fluid while B is related to 

undesired heat losses to the substrate. The sensitivity of this method is limited as compared 

to electrochemical probes primarily because the heat loss to the substrate is often as large as 

the heat loss to the fluid (Goldstein, 1979). 

In principle, the constants A and B in (2.6) can be derived from first principles but 

in practice, calibration is required. Since fluctuations in the flow due to turbulence and 

other effects cause fluctuations in the wall shear stress, proper time averaging of (2.6) leads 

to 

'tw = (A V2 + Bl (2.7) 

Since the fluctuations are small, a more convenient approximation, 

{'tw)1I3 = AV2 + B (2.8) 

can be used. 

The choice of calibration method also requires careful consideration. A study of 

wall shear stress measurements in vertical annular flow by Govan et aI., 1989 showed 

significant discrepancies in the results due to different calibration methods. The most 

prudent approach is to use a calibration technique which is as similar to the actual flow 

system as possible. For this reason, only in-situ calibration techniques were attempted. 

The first calibration method to be attempted used single phase liquid flow since the 

relationship between wall shear stress and pressure drop is well understood. Based on 

pressure drop measurements, the level of wall shear stress encountered in annular flows 

was expected to be at least 30 Pa. Achieving such a high level of wall shear stress required 

very high liquid velocities which occasionally damaged void fraction and film thickness 
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wires in the test section. At low levels of wall shear stress (2 - 10 Pa), a calibration plot of 

'tw 1/3 vs V2 yielded an approximately linear relation as predicted by (2.8). At higher 

levels however, the response of the system became increasingly insensitive to increases in 

wall shear stress and the calibration curve became highly non-linear. When this calibration 

was applied to annular flow data taken in the laboratory in normal gravity, the measured 

wall shear stress violated a force balance on the system, indicating that the calibration was 

faulty. A more detailed analysis of the turbulent pipe flow showed that at the velocities 

required to achieve high levels of wall shear stress, the linear region of the velocity profile 

became so thin that the thermal boundary layer would not lie within this region. Clearly, 

the single phase calibration technique was inappropriate for measuring wall shear stress in 

the range required for annular flow. 

A more desirable calibration technique would be one in which the wall shear stress 

calibration is determined in annular flow. Nonidealities due to the nature of the flow would 

then most likely be accounted for in the calibration as well. An annular two-phase 

calibration technique is described by Govan et al., 1989 but few details are given so a two­

phase method was developed during the course of this study. A force balance on an 

annular film provides the basis for the technique. As shown in Figure 2.23, under normal 

circumstances, the annular film is characterized by large disturbance waves on the film and 

a considerable amount of the liquid exists in me foririof-droplets which have been entrained 

from the crests of the waves. The presence of the waves and droplets leads -to terms in the 
---

force balance which are difficult to measure and would lead to serious discrepancy in the 

calibration. However for very thin liquid films and very large gas velocities, the 

disturbance waves essentially disappear. Once the waves are suppressed, there is no 
~~ - ~" - - - ~ =-;:-- _ - :::::o:~:::::;-1- -

mechanism for entrainment of droplets and the idealized annular film shown in Figure 2.23 

is approached. With this arrangement, the magnitude of wall shear stress obtained in 

microgravity annular flows is easily produced during the calibration procedure. 
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A force balance on the tube wall with a steady, concurrent downward annular film 

without entrainment is given by 

- -Udf. -
'tw - 4 dx + pgh. (2.9) 

This calibration technique requires measuring both the pressure drop and the liquid 

film thickness while recording the output of the anemometer. To begin the procedure, the 

smallest liquid flow rate whiCh could be held constant was established in the test section 

and the gas flow rate was increased until the wave amplitude was less than 10% of the 

substrate thickness. Typically, superficial gas velocities exceeding 50 mls were required to 

achieve this condition. Direct observation confirmed that entrainment was minimal once 

this state was achieved. Evaporative cooling effects were significant so the system was 

allowed to reach a temperature eqUilibrium prior to starting the calibration. The outputs of 

the pressure transducers, film thickness probe and anemometer were recorded for a one 

minute period and averaged electronically. The gas velocity was then raised slightly to take 

the next calibration point. A typical calibration curve is shown in Figure 2.24. As shown, 

when the data are plotted as suggested by (2.8), a linear relation is obtained in the range of 

2 - 33 Pa for water. Calibrations repeated on different days or with moderately different 

fluid temperatures yielded the same results. When the gas velocity was lowered to obtain 

calibration points below a wall shear stress of 2 Pa, the waves became large and the 

calibration results were non-linear and non-reproducible, suggesting that the idealized 

annular flow no longer existed. 

Since the physical properties which affect the heat transfer to the fluid are different 

for the water-glycerin solution also used in this study, the calibration procedure was 

repeated for this liquid. As shown in Figure 2.24, the output voltage is less for the water­

glycerin solution but the linear relation is maintained. 
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The error in the wall shear stress measurement is difficult to estimate due to the 

many factors involved in the operation and calibration of the system. If the maximum 

uncertainty in pressure and film thickness measurement are used with (2.9), a maximum 

uncertainty of ±1.2 Pa is obtained at the midpoint of the calibration range. This ±7% 

uncertainty may be underestimated because uncertainty caused by the anemometer circuitry, 

changes in fluid properties and fouling of the sensor element were not included in the 

uncertainty analysis. Errors of±10-15% may therefore be possible in the wall shear stress 

measurements. 

Analysis of the dynamic response of hot film and hot wire anemometer probes is 

also complex. Estimates of the -3 dB cutoff frequency can be determined theoretically or 

experimentally. . A theoretical approach to the frequency response of the probe was 

suggested by Fortuna and Hanratty, 1971. The temperature field within the thermal 

boundary layer was decomposed into mean and fluctuating quantities and the boundary 

layer equations were solved numerically. From this solution, a frequency response 

correction factor is calculated as a function of dimensionless frequency defined by Fortuna 

and Hanratty, 1971 as 

00* = oo.L Nl/3 
2 ' U. 

(2.10) 

where 00 is the dimensionless frequency, U* is the friction velocity and N is either the 

Prandtl or Schmidt number for heat transfer or mass transfer probes, respectively. The 

correction factor asymptotically approaches unity in the limit of zero frequency but rises 

sharply at higher frequency. The point where the sharp rise begins represents the practical 

upper limit of frequency response. For the probe used in this study, the frequency 

correction factor is nearly unity for 00* < 0.2. For a wall shear stress of 35 Pa (worst 

case), the predicted cutoff frequency is 19400 Hz for water (Pr = 7.0) and 1500 Hz for 50-
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50 wt% water-glycerin (Pr = 49). Thus the frequency response of the wall shear stress 

probe is above the 1000Hz sampling frequency in all cases. 

The theoretical analysis estimates only the dynamic response of the probe without 

regard for the response of the anemometer system. The response of the probe and 

anemometer system together can be measured directly using a square-wave testing 

technique detailed by Freymutli, 1977 and the Thermal Systems Inc. operating manual for 

the anemometer. Using the 1000 Hz square-wave generator built into the anemometer 

system, the response of the system to the square-wave input was recorded on an 

oscilloscope. In accordance with the technique, the time delay is measured from the 

beginning of the pulse until the signal has decayed to 3% of the maximum value. This time 

was measured as 0.84 ms which corresponds to a frequency of 1190 Hz. This result 

suggests that the frequency response is limited by the anemometer system rather than the 

probe. These results also indicate that the 1000 Hz sampling frequency is nearly optimal. 

A typical time series trace of the wall shear stress measurement taken for 

microgravity annular flow is shown in Figure 2.25. Such detailed measurements will be 

useful in simulation studies of annular waves. 

2.9 Test Sections 

Four test sections were constructed during the course of this study using 

combinations of the instruments previously described. Each was designed to provide the 

measurements required for a specific investigation. 

The first test section constructed, shown if Figure 2.26, was one used to develop 

the flow pattern maps for a 12.7 mm ID tube. The test section consists of an acrylic 

Plexiglass tube to which the probes are attached. This flow pattern mapping test section 
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contains a void fraction and a film thickness probe separated by 50.8 mm. This allowed 

void fraction, film thickness and velocity to be detennined. Two pressure transducer 

mounts and a viewing box allowed for pressure drop measurements and visualization of the 

flow patterns. 

An improved version of the flow-pattern-mapping test section was later developed 

to incorporate the wall shear stress probe for use in annular flow measurements. This 12.7 

mm ID annular flow test section, shown in Figure 2.27, has the same general design as the 

flow pattern mapping test section except that the locations of the void fraction and film 

thickness probes are reversed. The wall shear stress probe is located in the same cross­

sectional plane as the film thickness probe but is offset 21 0 from the bottom of the tube 

where the film thickness measurement is made. This arrangement provides wave shape 

and wall shear stress measurements at nearly the same location. For annular studies, the 

void fraction probe is used only to provide a wave velocity measurement from cross­

correlation. 

A specialized test section was constructed to characterize the nature of microgravity 

annular films. This 12.7 mm ID test section, shown in Figure 2.28, contains five film 

thickness probes as well as pressure transducer mounts and a viewing box. The first four 

film thickness probes are offset axially from each other by 5 mm and offset angularly by 

600 • Thus the film thickness is measured simultaneously at 00 , 600 , 1200 and 1800 

(measured from the bottom of the tube) and at nearlithe same axial location. This allows 

for the degree ofaxisymmetry in microgravity annular flows to be characterized. A fifth 

film thickness probe oriented at ()O is located 50 mm downstream from the first probe. This 

provides a qualitative measure of the evolution of the wave shape between the first and fifth 

probes. Only a few experiments were conducted with this test section before it was 

damaged and abandoned. However, the results obtained were sufficient to characterized 

the three-dimensional nature of the micro gravity annular film as was intended. All three of 
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the 12.7 mm ID test sections were used in conjunction with the Learjet flow loop shown in 

Figure 2.3. 

After many sets of experiments were conducted with the 12.7 mm ID test sections, 

it was desired to detennine the effect of pipe diameter on the flow pattern maps and other 

measurements. This was the motivation behind the construction of the KC-135 flow loop 

shown in Figure 2.4 and the 25.4 mm ID general purpose test section shown in Figure 

2.29. This test section was designed in a modular fashion to allow many different types of 

studies to be conducted. The system contains two identical instrument blocks each 

containing a void fraction, film thickness and wall shear stress probe as well as a pressure 

transducer mount. Movable pressure transducer mounts and viewing boxes allow for 

many configurations of the instruments. The configuration shown in Figure 2.29 was used 

to conduct the 25.4 mm ID flow pattern mapping study presented in this work. While this 

configuration located one instrument block at the outlet of the mixer, only the data taken at 

the downstream end of the test se<:tion were used for flow pattern mapping since fully 

developed flows were desired. Since the flow development length required for the 25.4 

mm test section is twice that required for the 12.7 mm ID test section, this test section was 

only operated in the much larger KC-135 aircraft. 
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Chapter 3 Experimental Flow Pattern Mapping Results 

3. 1 Introduction 

Two-phase gas-liquid flows distribute themselves into several distinct flow patterns 

depending primarily on the flow rates of gas and liquid as well as on the physical properties 

of the fluids, the configuration of the flow system and the magnitude and orientation of 

gravity. The flow patterns observed in microgravity in this study are shown in Figure 1.1. 

As will be demonstrated in the course of this study, changes in the flow pattern produce 

large changes in key operating and design parameters such as the void fraction, pressure 

drop and heat and mass transfer rates. Because of this strong dependence on the flow 

pattern, it is unlikely that mechanistic models can be derived which would be valid for all 

flow patterns. A more realistic approach would be to develop mechanistic models which 

are specific to a single flow pattern. This requires that the flow pattern be known as a 

function of gas and liquid flow rates as well as the magnitude and orientation of gravity, 

fluid physical properties and the configuration of the flow system. 

Flow pattern data are traditionally displayed in the form of flow pattern maps which 

indicate the flow pattern for a given combination of gas and liquid flow rates. Often, the 

flow rates of liquid and gas are represented on flow pattern maps as superficial velocities, 

ULS and UGS, respectively, which are the velocities which would be measured if each 

phase were flowing alone in the pipe. Flow pattern maps for two-phase flows in normal 

earth gravity have been well established in the literature for pipes oriented horizontally, 

vertically and at intermediate inclinations (Baker, 1954, 1958, Taitel and Dukler, 1976, 

Barnea, 1986). However, due to the difficulties associated with conducting microgravity 

experiments, only a few reduced gravity flow pattern mapping studies are currently 

available in the literature. 
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3.2 Previous Work 

The first reported attempts at flow pattern mapping in microgravity were from 

Koestal and Gutstein, 1964 and Albers and Macosko, 1965. These studies used 

condensing mercury vapor to produce two-phase flow. However, since mercury is a 

nonwetting liquid, the results are difficult to compare to the present work. 

The first air-water study was reported by Heppner et aI., 1975, but the flow pattern 

was determined at a position just 24 LID downstream of the mixer. Observations of the 

flow pattern near the mixer outlet in the present study have shown that the flow may not 

have been fully developed in such a short distance. The flow pattern at the mixer outlet is 

controlled by the geometry of the mixer and is often different than the flow pattern 

observed at 50 LID or greater, where the flow pattern becomes invariant with distance. 

Tht~S the _~eppner et aI. data are considered unsuitable for comparison to the present work, 

_ (ilthc)ugh_ their study did lead to a careful consideration of flow development length in the 
~-. - _r_: ~:-: .... _.:,.- ~_: -

design of the present experiment. 

Chen et aI., 1988 conducted a limited microgravity flow pattern mapping study 

using R1l4 in a 15.8 mm ID tube. The flow pattern map is shown in Figure 3.1. As 

shown, only nine data points were taken in microgravity. While the map in Figure 3.1 

shows changes in the flow pattern across the parameter space, it lacks sufficient resolution 

to provide much insight into the effects of the key input variables on the resulting flow 

pattern. The data of Chen et aI., 1988 as well as the other microgravity flow pattern data 

sets available in the literature are included in Appendix B. 

The microgravity flow pattern map presented by Dukler et aI., 1988 for air-water in 

a 12.7 mm 10 tube was the first to span a significant portion of the gas and liquid flow rate 

parameter space. The map is shown in Figure 3.2. This study was conducted during the 

early development phase of the Learjet flow loop and test sections used in the present 
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study. The flow pattern map in Figure 3.2 contains only 21 data points but begins to 

resolve the occurrence of the flow patterns across the parameter space. 

An expanded version of the Dukler et al. flow pattern map containing an additional 

14 data points was presented by Janicot, 1988 and is shown in Figure 3.3. The original 

publication also contained 18 experiments taken in the NASA Lewis Research Center 2.2 s 

Drop Tower Facility. It was discovered that the liquid flow rate was not constant 

throughout the drop tower experiments and the data were omitted from Figure 3.3. As 

shown, the resolution of the flow pattern map is slightly improved with the additional data. 

The flow maps of Dukler et aI., 1988 and Janicot, 1988 provided guidance in the 

determination of the test matrix used for the present flow pattern mapping study. 

An extensive study of the bubble and slug flow regimes in microgravity for air­

water in a 40 mm ID tube was presented by Colin, 1990 and Colin et aI., 1991. Their 

studies contain flow pattern data for these regions. The flow pattern was determined both 

at the mixer outlet and 3.2 m downstream of the mixer in these studies. The results 

showed that the flow pattern at the mixer was often different from that ultimately attained 

after the flow had developed. The fully developed flow pattern data reported in Colin, 

1990 are shown in Figure 3.4 and clearly resolve the bubble and slug flow regions of the 

parameter space. 

Crowley and Sam, 1991 conducted a microgravity two-phase flow study with R 11 

in a 6.34 nun ID tube. Unfortunately, problems with noncondensable gases in the Freon 

casts considerable doubt on the reliability of this study for purposes of flow pattern 

mapping. Hill and Best, 1991 conducted a study using R12 in 8.7 mm and 11.1 mm ID 

tubes but serious problems were reported with the accuracy of the vapor flow rate 

measurements (Reinarts, 1993), casting doubt on these results as well. 
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Huckerby and Rezkallah, 1992 presented a microgravity air-water flow pattern 

mapping study in a 9.525 mm ID tube. As shown in Figure 3.5, this study spans much of 

the same parameter space as that of Janicot, 1988 with the exception of the annular flow 

region. With minor exceptions, the results are in fair agreement with the 12.7 mm ID tube 

results of Janicot, 1988. This study was followed by a more complete air-water 

microgravity flow pattern map for a 9.525 mm ID tube presented in Zhao and Rezkallah, 

1993. As shown in Figure 3.6, the map spans a large part of the parameter space and 

shows clearly defined regions of bubble, slug, slug-annular and annular flow. The 

agreement between these results and those of Janicot, 1988 is good for the slug-annular 

transition but poor for the bubble-slug transition. 

Another recent microgravity flow pattern mapping study was that of Reinarts, 1993 

for R12 in 4.7 mm and 10.5 mm ID tubes. Only the annular flow region of the parameter 

space was mapped in the 4.7 mm ID tube experiments which is shown in Figure 3.7. The 

map for the 10.5 mm ID tube, shown in Figure 3.8, is much more complete and spans a 

large parameter space .. Only one experiment was identified as bubble flow, however as 

shown in Figure 3.8, a very low gas superficial velocity « 0.05 m1s) was required to 

achieve this condition, making bubble flow a difficult regime to map for R12. The results 

are clearly different from those of the air-water studies, suggesting that the fluid physical 

properties are important factors in flow pattern mapping. 

The small but growing body of literature on the subject of microgravity two-phase 

flow patterns indicates a steady improvement in the quality of the flow pattern mapping 

experiments as experimental techniques in the microgravity environment are refined. The 

flow maps presented in these studies indicate that fluid physical properties have a strong 

effect on the resulting flow pattern maps but this was not investigated systematically in any 

of the previous works. The literature also suggests a less important but significant effect of 

tube diameter on the resulting flow pattern maps. The effects of the physical properties as 
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Figure 3.6 Microgravity Flow Pattern Map for Air-Water in a 9.525 mm ID Tube from Zhao and Rezkallah, 1993 



~ 

o 

• 
Bubble 
B~bble-Slug 

o 

• 
Slug 
Slug-Annular 

A Annular 

1 9 r----..;....·-·.+··;····+·-i .. i++ ............... +:.··· ... +·· ... ;····f.·+·++H········· ... ····j········.~ 9 1 
8 ······~············~ ...... ······~········4·,·'···'· .. ·· .. 4····,···.··4 .. C .... ········ .. ········· .. ·· .. ··· .... · .... ······ .. ···· .. :····· .. ···4 .. · .. ··C .. ·: ...... ··· ............. ·:·· .... ····· 8 
7 ........ ··· ........ ·+ .. ·· .... ··i· .... · .. i· .... +-.. ·i .. + .. t++ .................... ·t .. · ...... ·+ .. · .. + .. ··+ .... t .. ·i .. -t··t··l·········· .. · ...... ····l·······.... ~ 

,.-... 
III 

E ........ 

::3 
~. 

0.1 

0.01 

4 

3 

5 
I .... I 

4 

3 

2 

4 

3 

2 

iii iii iii iii iii I iii I 0.01 
23456789 23456789 23 

0.1 1 10 
Das (m/s) 

Figure 3.7 Microgravity Flow Pattern Map for R12 in a 4.7 mm ID Tube from Reinarts, 1993 



~ 

I !II'I rllf! , 

1 

0.1 

~ 
!3 

8 

o 

• 
Bubble 
Bubble-Slug 

o 

• 
Slug 
Slug-Annular 

A Annular 

8 

~ ............................. :................ r··:··.·.· .. ·~n .............. ,.... .• u.: .............. : ... ' .. c .. c··· .. ·········~·:······-··.-···:I·····c .. ~ ..... ·~~ .. ~··~ ........ 21 : , : : 1.1' , , : - : - , , , , : : :: - A_ : iI':::;' ;-1 2 

0.01 ,::~jJJl1L::L:J=::::i:mtl!:=:Ct.::bHL~.OI 
3 

0.001 
~ 'I' I 

ii Ii • i;; : 

iii i i 0001 
2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 89 5 . 

0.01 0.1 I 10 
Dos (m/s) 

Figure 3.8 Microgravity Flow Pattern Map for RI2 in a 10.5 mm ID Tube from Reinarts, 1993 



well as the tube diameter on the flow pattern must be known if gas-liquid flow systems are 

to be designed and operated efficiently in the microgravity environment. The initial part of 

this study was therefore devoted to establishing the flow pattern maps in microgravity as a 

function of liquid physical properties (viscosity and surface tension) and tube diameter, 

which were thought to be the key parameters affecting the flow pattern maps. The 

previously cited studies also suggest that the density of both phases is a significant factor. 

Freon refrigerants could not be used in the flow loops used in the present study and thus 

the effect of a large change in fluid density on the flow pattern maps could not be 

investigated. 

To test the effects of liquid viscosity and surface tension on the occurrence of the 

flow patterns, three liquids were tested (all at 21± 2 °C): water (~ = 1 cP, (J = 72 

dynes/em), 50-50 wt% water/glycerin (~= 6 cP, (J = 63 dynes/cm), and waterlZonyl FSP 

(~ = 1 cP, (J = 21 dynes/cm). Zonyl FSP (manufactured by DuPont) is a powerful 

surfactant which, when used in low concentrations (0.5 wt% in these studies), lowers the 

surface tension to 21 dynes/cm (nearly independent of concentration for greater than 0.1 

wt% concentration) without significantly affecting the other physical properties of the 

liquid. To determine the effect of tube diameter, flow pattern maps for all three liquids 

tested were established for 12.7 rnm and 25.4 rnm ID tubes. 

3 . 3 Flow Pattern Identification Techniques 

While the idealized microgravity flow patterns shown in Figure 1.1 are easily 

distinguished from one another, identifying the flow patterns in real two-phase flows can 

be difficult, especially when the gas superficial velocity is high. As a result, flow pattern 

identification remains partially subjective and this is responsible for some of the 

discrepancy in the flow pattern transitions reported in the literature. 
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All of the studies reported in the previous section relied entirely on photography to 

identify the flow patterns in the experiments. While photography was also used 

extensively in the present study, it was found that this alone was not always sufficient to 

reliably identify the flow patterns. Photographic identification of the slug-annular transition 

region for liquid superficial velocities in excess of 0.5 mls was considered to be especially 

difficult. In order to more consistently identify the flow patterns, time-series data from the 

film thickness probes were used in conjunction with high-speed photography. 

A large number of photographs of microgravity two-phase flows taken in the 

course of this study are shown in Appendix A, representing the different flow patterns 

observed. The flow pattern was judged to be bubble flow when the gas phase was 

distributed as discrete gas bubbles which were no longer than the diameter of the tube 

(roughly spherical) as shown in Figures A.l, A.2, A.3 and A.4. Slug flow was 

differentiated from bubble flow by the presence of Taylor bubbles which were longer than 

the tube diameter as shown in Figures A.8, A.9 and A.tO. A transitional state labeled as 

bubble-slug flow was observed when short Taylor bubbles occasionally appeared in a flow 

which was otherwise bubble flow, as shown in Figures A.5, A.6 and A.7. The flow 

pattern was labeled as annular when the gas core remained continuous, as shown in 

Figures A.14, A.15 and A.16. Slug flow was Q!f(er:~mi~:l~<:lJr0tIl annul~r)low by the 

presence of liquid slugs which spanned the entire pipe diameter. A transitional state labeled 

as slug-annular flow was observed when large amplitude waves momentarily bridged the 

tube diameter and then ruptured. These bridging events,· as' shown in the sequences in 

Figures A.lt (a,b,c), A.12 (a,b,c) and A.13 (a,b,c), were often very short in duration, 

lasting only one or two frames (2.5 - 5 ms) and were often difficult to distinguish 

photographically from thin liquid slugs which did not rupture or from large amplitude 

waves which did not bridge the pipe. The distinction between slug, slug-annular and 

annular flows is subjective and can lead to discrepancies between different observers. 
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Because flow patterns, especially those near transition, were difficult to identify 

photographically, the time-series film thickness measurements were used to assist in the 

flow pattern determination. Bubble flows, though generally easy to identify 

photographically, have the characteristic film thickness signature shown in Figure 3.9. As 

shown, the normalized film thickness value spans a large portion of the entire range from 

zero to one with no discemiQ!~~ featu~~. _~ Slug fl()\Vs \V~r~e i~entified from the film thickness 

time-series which clearly shows the presence of liquid slugs (film thickness at or near that 

of the tube diameter) and Taylor bubbles (long duration regions of low film thickness) as 

shown in Figure 3.10. Bubble-slug transition flows have a film thickness signature closely 

resembling that of bubble flow assh()wn in Figure 3.11 since the Taylor bubbles in these 

flows are very short. Because the bubble-slug flow film thickness traces did not contain 

features which distinguished them from bubble flow, the film thickness trace was not 

considered to be a reliable tool for identifying this transitional state. Bubble-slug flows 

were therefore identified entirely by photography. Annular flows were identified from the 

film thickness measurements by the presence of numerous waves on a thin liquid substrate 

as shown in Figure 3.12. Slug-annular transition flows were sometimes difficult to 

identify from film thickness m~e~~t:~m~E!s~cause th~~short duration tube-bridging events 

usually did not occur at the same loca!i()n..~ the film thickness wires. It was observed 

however that when the amplitude of the waves exceeded 70% of the tube diameter, tube 

bridging events could usually be found in the photographs. Film thickness measurements 

and high-speed photography were therefore used together to identify slug-annular transition 

flows. A normalized film thickness time-series for a slug-annular flow, including 

suspected tube bridging events, is shown in Figure 3.13. 
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3.4 Flow Pattern Maps 

One of the primary objectives of this study was to establish microgravity flow 

pattern maps for 12.7 rom and 25.4 rom ID tubes using air-water, air-water/glycerin and 

air-waterlZonyl FSP. The flow pattern mapping data for the 12.7 mm ID tube were 

collected in a series of flight experiments spanning several years. These maps are shown in 

Figures 3.14, 3.15 and 3.16 for air-water, air-water/glycerin and air-water/Zonyl FSP, 

respectively. The initially strategy was to broadly cover the parameter space of 0.1 mls < 

Vas < 25 mls and 0.05 mls < VLS < Im1s because the Janicot, 1988, results indicated that 

all flow patterns and transitions would be observed in this space. The flow pattern data 

displayed in the flow pattern maps from this study are included in Appendix C. 

Once the approximate locations of the bubble-slug and slug-annular transitions were 

located, later experiment sets were taken at conditions near the transitions so that these 

regions could be better resolved. The 12.7 mm ID flow pattern maps also contain results 

from a later study focused on characterizing annular and slug flows. Since many 

improvements were made to the test sections, the Learjet flow loop and the operating 

procedure after the Janicot data were obtained, those data were not incorporated into the 

present flow maps. Experiments in which there were problems with flow rate control or 

gravity level were also omitted. The 12.7 mm ID flow maps therefore represent a 

composite of the reliable flow pattern data from many sets of experiments. 

The approach to establishing the flow pattern maps for the 25.4 mm ID tube was 

entirely different because the KC-135 aircraft performs many more experiments per flight 

but is available much less frequently than the Learjet. The availability of the KC-135 

allowed for a single, but extensive, experiment set consisting of eight flights, from which 

the flow pattern maps were established. No previous work suggested where the transitions 

would be located so a grid search strategy combined with knowledge gained from the 12.7 

mm ID flow maps was used to cover the parameter space. Because the KC-135 flow loop 
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was previously untested in microgravity and the operation of the KC-135 was different 

from that of the Learjet, much of the electronic data from these experiments was lost. 

Sufficient film thickness data were collected to assist in flow pattern identification however. 

The resulting flow pattern maps are shown in Figures 3.17, 3.18 and 3.19 for air-water, 

air-water/glycerin and air-waterlZonyl FSP, respectively. Fortunately, all flow patterns 

and transitional states were located within the bounds of the parameter space tested. 

3.5 Comparison of Results 

The effect of tube diameter on the microgravity air-water flow pattern maps is 

shown by comparing Figure 3.14 to Figure 3. 17. As shown, increasing the tube diameter 

from 12.7 to 25.4 mm leads to a shift in the bubble-slug transition to lower values of UGS 

at a given value of ULS (lower void fraction). The slug-annular transition region appears to 

be unchanging with tube diameter for the air-water system. 

A similar result was obtained for the air-water/glycerin system which is shown by 

comparing Figures 3.15 and 3.18. These flow pattern maps also show that an increase in 

the tube diameter leads to a shift in the bubble-slug transition towards lower void fraction. 

The slug-annular transition runs occupy the same area on both flow maps which again 

suggests that there is little effect of tube diameter on this transition. 

The effects of tube diameter on the air-waterlZonyl FSP system can be shown by 

comparing Figure 3.16 to Figure 3.19. Unlike the other two fluid systems, there is no 

shift in the bubble-slug transition with tube diameter on these maps. As was observed in 

the other fluid systems, the tube diameter had no effect on the slug-annular transition for 

the air-waterlZonyl FSP system. 
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With the effect of tube diameter on the flow pattern maps established, the effect of 

the liquid physical properties can be assessed. The effect of liquid viscosity is shown by 

comparing Figure 3.14 to Figure 3.15 and Figure 3.17 to Figure 3.18. These maps show 

that a six-fold increase in the liquid viscosity produced no significant change in the location 

of either flow pattern transition on the flow maps indicating that liquid viscosity is not a 

major factor affecting flow pattern transitions. The effect of surface tension is shown by 

comparing Figure 3.14 to Figure 3.16 and Figure 3.17 to Figure 3.19. This comparison 

indicates that lowering the surface tension from 70 to 21 dyne/cm results in a shift in the 

bubble-slug transition to higher values of void fraction (higher values of Uos at a given 

ULS). This suggests that the surface tension plays a significant role in the bubble to slug 

flow transition mechanism. 

With the microgravity flow pattern mapping results of this study established, it is 

useful to compare these to the maps available in previous works. The microgravity flow 

pattern map shown in Figure 3.14 is in good agreement with the limited data shown in the 

Dukler, 1988 and Janicot, 1988 maps, all for air-water in a 12.7 mm ID tube. Only a few 

data points were located near the transitions in the previous works but the maps show 

clearly defined regions of bubble, slug and annular flow which coincide with Figure 3.14. 

This result is to be expected since similar experimental apparatus and techniques were used 

to generate all three maps. 

The transition between bubble and slug flow on the air-water microgravity flow 

pattern map of Colin, 1990, shown in Figure 3.4, compares well to the 25.4 mm ID flow 

pattern map, Figure 3.17, in the present study. As shown, the bubble-slug transition 

region is nearly the same for both maps for ULS < 0.8 mls. For ULS > 0.8 mis, the Colin, 

1990 map shows a region containing both slug and bubble flows together. This 

phenomena was not observed in the 12.7 mm experiments for the same region of the flow 

pattern map and this region was not studied in the 25.7 mm experiments. While a shift in 
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the bubble-slug transition was noted when the tube diameter was increased from 12.7 mm 

to 25.4 mm in the present study, an additional shift is not seen when the tube diameter is 

increased to 40 mm in the Colin, 1990 results. This may indicate a nonlinear effect of tube 

diameter on the transition or a difference between experimenters and apparatus. 

The results of Huckerby and Rezkallah, 1992 for air-water in a 9.525 mm ID tube, 

shown in Figure 3.5, show fair agreement with the results for the 12.7 mm ID tube in 

Figure 3.14. As shown, for ULS < 1.0 rnIs the bUbble-slug transition region is similar in 

both studies, however the Huckerby and Rezkallah map shows the bubble-slug transition 

region to be nearly independent of UGS while the present study does not confirm this. The 

slug-annular transition region occupies essentially the same region on both flow maps 

although the Huckerby and Rezkallah map contains some data points listed as slug flow in 

the transition region. This overlapping of flow pattern regions has never been observed in 

the present study and might be due to difficulties in flow pattern identification in the 

Huckerby and Rezkallah study. 

The Zhao and Rezkallah, 1993 study for air-water in a 9.525 mm ID tube, shown 

in Figure 3.6, shows the bubble-slug transition region to be significantly different from 

both the Huckerby and Rezkallah, 1992 study using the same apparatus and the present 

study in the 12.7 mm ID tube. The map in Figure 3.6 shows bubble flow only for ULs > 2 

rnIs. As shown in Figure 3.14, bubble flows were observed at much lower superficial 

liquid velocities in the present study. The photos of bubble flow in Zhao and RezkalIah, 

1993 show irregularly shaped bubbles (perhaps due to the high liquid velocity) while most 

of the bubbles in the present study were essentially spherical. The large discrepancy in the 

location of the bubble-slug transition region between the Zhao and Rezkallah map and the 

map in the present study as well as that in Huckerby and RezkaIlah, 1992 is unexplained. 

The slug-annular transition region reported in Zhao and Rezkallah, 1993 is in good 

agreement with results in Figure 3.14 for the present study. The transition region in the 
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Zhao and Rezkallah map extends to larger values of UGS but this is likely due to the 

subjective nature of flow pattern identification in this region of the flow map. 

Comparing the microgravity flow pattern maps for Chen et al. (R114 in a 15.8 mm 

ID tube) in Figure 3.1 and Reinarts (R12 in a 10.5 mm ID tube) in Figures 3.8 with the 

map in Figure 3.14 (air-water in a 12.7 mm ID tube) shows a large difference in the 

location of the slug-annular transition between the two fluid systems. While the Chen et al. 

map contains only a few points, the slug-annular transition shown in Figure 3.1 is in 

reasonable agreement with the 10.5 mm results of Reinarts (the physical properties of R12 

and R114 are very similar). Both show a slug-annular transition region which is shifted to 

much lower values of UGS as compared to the air-water results. This is most likely due to 

the large difference in vapor density between air and the R12 and R114 refrigerants. The 

density of the R12 vapor at the conditions used in the Reinarts study is about 30 times that 

of air while the R12 liquid is only about 1.3 times as dense as water. The gas phase 

therefore possesses considerably more momentum relative to the liquid phase in the R12 

system than in the air-water system. This may lead to rupture of the liquid slugs to fonn 

annular flow at much lower values of UGs. The bubble-slug transition on the Reinarts 10.5 

mm flow map for R12 is also shifted to much lower values of UGS with bubble flow being 

observed only at very low void fraction. 

While the variation in fluid physical properties (liquid viscosity and surface tension) 

tested in the present study had a relatively small effect on the flow pattern maps, the 

differences in physical properties (primarily vapor density) between R12 and air-water 

produced much greater changes. The tube diameter was also shown to have a relatively 

small effect on the flow pattern transitions. These observations may lead to the 

development and refinement of transition mechanisms. This will be explored in greater 

detail when the flow pattern transition models are developed in Chapter 6. 
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Chapter 4 Properties of Microgravity Bubble and Slug 
Flows 

4.1 Introduction 

While many multiphase heat transfer systems are designed to operate in the annular 

flow regime, bubble and slug flows are still expected to occur in space operations. Partial 

vaporization of liquids such as in cryogenic transfer lines or in heat transfer equipment will 

generate bubble and slug flows in at least part of the system. Heat removal from annular 

flows in radiators and condensers will lead to a transition to slug ancithen bubble flow as 

the two-phase system is condensed to a single-phase liquid. 

Several of the bubble and slug flow measurements made during the course of this 

study could be of interest to the designers and operators of microgravity two-phase flow 

systems. Knowledge of the void fraction in the system as a function of measurable 

parameters is necessary for good heat transfer design. An understanding of the pressure 

drop is required for hydrodynamic design. Vibration aboard spacecraft is also a concern, 

so measurements of the propagation velocities of bubbles and slugs are also useful. In 

addition to providing design data, bubble and slug flow measurements may be useful in 

gaining a better mechanistic understanding of these flows and for verification of flow 

simulations. All microgravity bubble and slug flow measurements taken in this study are 

included in Appendix D. 

- - -

4.2 Void Fraction Modeling and Experimental Results 

Over several decades of two-phase flow research in nonnal gravity, the simple but 

highly accurate Drift-Flux model has been developed to predict both the void fraction and 

bubble propagation velocity in bubble and slug flows. The model is more effective for 
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vertical flows than horizontal or inclined flows in normal gravity because vertical flows are 

axisymmetric. It is therefore logical to test the validity of this model for microgravity 

bubble and slug flows, which are also axisymmetric. 

Void fraction prediction from the Drift-Flux model is described by Zuber and 

Findlay, 1965. Measurements of void fraction, including those from the parallel wire 

conductance probes used in this study, usually represent an average over the tube cross­

section rather than a radially local value. Thus in order to develop a model with inputs 

which can be readily measured, it is important to derive the model in terms of cross­

sectional average quantities defined as 

(4.1) 

where F is any local quantity varying with radial position and A is the cross sectional area 

of the test section. 

The average superficial velocities of the gas and liquid can be related to the cross­

sectional average gas and liquid velocities, <UG> and <UL>, and the cross-sectional 

average void fraction, <(1), by 

UGS = <(1) <UG> (4.2) 

and 

(4.3) 

while the total is defined as 

(4.4) 

The quantity UM is defined as the local volumetric flux of liquid plus gas at any radial 

position while UMS is the cross sectional average. 
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From a mass balance, the average gas velocity can be expressed as the sum of a 

flux term and a drift term, 

(4.5) 

where <Uo> is the average net drift velocity of the gas with respect to <UM>. This drift 

should not be significant in microgravity due to the lack of buoyancy between the liquid 

and gas. Observations of the movie films of bubble and slug flows confirm that the drift 

velocity between the phases is negligible in the microgravity experiments and the drift term 

in (4.5) can be neglected. 

To account for the non-uniform distribution of the void fraction over the cross 

section, Zuber and Findlay, 1965 defined the distribution coefficient Co as 

(4.6) 

By combining (4.2), (4.5) and (4.6), the relationship between the void fraction and the 

superficial velocities is obtained, 

U
UOS = Co <a> . 

MS 
(4.7) 

Once Co is known, this relationship provides a model for predicting the cross sectional 

average void fraction from the gas and liquid superficial velocities. 

Zuber and Findlay, 1965 derived a model to predict Co from the distribution of void 

fraction and velocity across the tube cross-section. Although this model does not yield a 
-- - - --

definitive value of Co, it does offer theoretical guidance. 

The distributions of velocity and void fraction over the cross-section are assumed to 

be of the form, 
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J.L = 1- [LJrn 
Uc R 

(4.8) 

and 

a - a w = 1- [.LJn , 
a c - a w RJ (4.9) 

where c and w refer to the centerline and wall, respectively. This is reasonable only for 

axisymmetric flows. If these expressions are substituted into (4.6) and integrated over the 

cross-section as indicated by (4.6), the following expression for Co is obtained, 

Co = m+2 [1 + [-1L.] [ n+2 ] 
m+n+2 m+2 n+2 [~:] . 

(4.10) 

Values of Co computed from (4.10) for (aw/a.c) ranging from zero to one assuming 

several values of m and n are shown in Figure 4.1. Steep gradients of velocity or void 

fraction occur when m and n are equal to one while nearly flat profiles are obtained by 

setting m or n to seven. The proper value of (aw/a.c) for slug flows should be zero because 

the movie films and film thickness measurements indicate that there is a continuous gas-free 

film on the tube wall in slug flow. The value of (aw/ac) for bubble flow is nearly zero as 

well. The movie films show that the bubble density is nearly zero along the tube surface 

although occasional bubbles rolling along the surface have been observed. Assuming that 

(aw/ac) is zero, Figure 4.1 shows that the range of Co values should be 1.13 < Co < 1.5 

with the steeper gradients producing the larger values of Co. Predictions of Co made from 

propagation velocity arguments will be presented in the next section. 

To test the Drift-Flux void fraction model (4.7), the mean void fraction of the 

microgravity bubble and slug flow experiments was plotted against UOS/UM in Figures 

4.2,4.3 and 4.4 for air-water, air-water/glycerin and air-waterlZonyl FSP, respectively. 

Good void fraction measurements were not obtained for all of the bubble and slug flow 

runs shown in the 12.7 mm ID test section flow maps so only those runs in which a 
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stationary average void fraction could be obtained were included in Figures 4.2, 4.3 and 

4.4. As shown, in all cases the results indicate a linear trend as predicted by (4.7) although 

there is considerable scatter in the slug flow results. The value of Co is obtained by 

determining the best fit slope of this trend using linear regression. The slopes yielded Co 

values of 1.27, 1.30 and 1.22 for air-water, air-water/glycerin and air-water/Zonyl FSP, 

respectively. The fact that Co > 1 in the figures indicates that both the velocity and void 

fraction are greater towards the center of the tube, as expected. Usirig the profiles in Figure 

4.1, the values Of Co suggest that the velocity and void fraction distributions lie between 

the nearly flat and steeply linear cases. 

The error in determining Co from Figures 4.2,4.3 and 4.4 could be considerable 

since the slopes of these trends can be substantially influenced by the scatter in the slug 

flow data. The scatter in the slug flow data could be due to a propagation of measurement 

uncertainties or to an insufficient sample period in which to obtain a stationary average. 

However, on average, the Drift-Flux void fraction model (4.7) using the reported values of 

Co does predict the measured void fraction to within ±5%. This will be discussed further 

in relation to the values of Co determined from the propagation velocity. 

4.3 Bubble Propagation Velocity Modeling and Experimental Results 

Much of the Drift-Flux model development was related to predicting the 

propagation velocity of a bubble rising in a vertical or inclined tube of stagnant or flowing 

liquid. The relationship between bubble propagation velocity and superficial velocities is 

obtained from the void fraction model derived in the previous section by combining (4.2), 

(4.5) and (4.6) to yield 

(4.11) 
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Nicklin et al., 1962 determined (4.11) empirically and found that for vertical flow 

in the range of 8000 < Re < 50000, Co = 1.2. These authors further noted that the value of 

Co closely resembled the ratio of centerline to average velocity for a turbulent profile 

modeled with the one seventh law profile (Uc/U = 1.22). 

The distribution coefficient was investigated analytically by Collins et aI., 1978. 

The flow field in the liquid around a rising Taylor bubble was obtained with a perturbation 

solution. When the liquid ahead of the bubble was turbulent, the results confirmed the 

speculation of Nicklin et al., 1962 that Co = Uc/U = 1.22. The analysis also predicted that 

Co = 2.27 when the liquid ahead of the bubble was laminar. 

In an experimental study of bubbles rising in a flowing liquid, Bendiksen, 1984 

reported that the value of Co was independent of Re for Re > 3000 but did vary with the 

Froude number, Fr = ULS!Y gD. For Fr < 3.5, Co increased monotonically from 1.0 to 1.2 

as the angle of inclination varied from oo (horizontal) to 9oo (vertical). For Fr > 3.5, Co = 

1.2 ± 0.1 for all angles of inclination. For microgravity two-phase flows, Fr » 3.5, and 

thus the results of Bendiksen, 1984 would suggest that Co = 1.2 for turbulent bubble and 

slug flows in microgravity. 

Dukler et al., 1988 reported that Co = 1.0 - 1.5 for microgravity bubble and slug 

flows. This range of values came from a void matching bubble-slug transition model (to be 

discussed in Chapter 6). A value of Co = 1.22 was then speculated to be correct because 

this provided a good fit for the bubble-slug transition model proposed in the study. Colin, 

1990 reported a value-of Co = 1.2, derived from velocity measurements as suggested by 

(4.11), for microgravity bubble and slug flow in a 40 mm ID tube. A plot of <Ua> vs 

UMS in Colin, 1990 shows that the data cluster closely about a line of slope 1.2 for UMS ~ 

1.6 mls but deviate from this line for UMS > 1.6 m1s. 
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Velocity data from the 12.7 mm 10 test section experiments were used to test (4.11) 

by plotting the bubble propagation velocity, as determined by cross correlation of the film 

thickness and void fraction signals, against VMS. These plots are shown for air-water, air­

water/glycerin and air-waterlZonyl in Figures 4.5, 4.6 and 4.7, respectively. As shown, in 

all three cases the data show a highly linear trend. The distribution coefficients computed 

from linear regression of the data, are 1.21, 1.48 and 1.27 for air-water, air-water/glycerin 
-- -- ------- - - - - - - -

- =-=--~=-=_- ==== .. =~-. ___ ~~-~c: ~_"-~~=_ 

and air-waterlZonyl, resp~tively. The slope of the line in Figure 4.7 for air-waterlZonyl is 

heavily influenced by three points which lie at values far beyond the main data cluster. The 

slope of the line computed without these three points (for VMS < 2 mls) is 1.21, which is 

thought to be a more reliable value of the distribution coefficient for air-waterlZonyl. 

The results for the microgravity air-water and air-waterlZonyl systems are in 

excellent agreement with the turbulent vertical flow results reviewed previously. If the 

liquid Reynolds number is computed as 

(4.12) 

which is the same definition used to establish the turbulent flow value of Co in the 

previously mentioned studies, then all of the air-water and air-waterlZonyl data are in the 

fully turbulent region (ReL > 4000). Therefore the Drift-Flux model with a value of Co = 
1.2 is confirmed for turbulent microgravity bubble and slug flows. 

'I'h~_'\l~ue of the distribution c~ef!ici~nt computed from the air-water/glycerin 

experiments was considerably higher than the accepted value for turbulent flow. Based on 

the Reynolds number criteria of(4.12), most of the data points shown in Figure 4.6 lie in 

the laminar (ReL < 2000) or laminar-turbulent transition region (ReL < 4000). These 

regions are shown in Figure 4.6. The analytical results of Collins et al., 1978 indicated 
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that the value of Co should be much higher for laminar flow (Co = 2.23) and this may 

partially explain the higher value of Co for the air-water/glycerin system. 

As shown in Figures 4.5, 4.6 and 4.7, there is considerably less scatter in the 

velocity results as compared to the void fraction results of Figures 4.2, 4.3 and 4.4. This 

is attributed to greater experimental error in the results used to construct the void fraction 

plots. This would suggest that velocity measurements are the preferred method for the 

determination of the distribution coefficient (at least for the apparatus used for this study) 

and that the values of Co obtained from the velocity measurements are more reliable. 

Establishing the validity of the Drift-Flux model for microgravity bubble and slug 

flows provides simple yet accurate models to predict the void fraction and bubble 

propagation velocity from the flow rates of the gas and liquid phases. These results also 

generalize the model to include all axisymmetric flows, in both normal gravity and 

microgravity. It should be noted however that the results of the Drift-Flux model for 

microgravity will be different from those in normal gravity because of the negligible drift 

velocity in microgravity flows. 

4.4 Pressure Drop Modeling and Experimental Results 

Traditionally, physically-based pressure drop modeling of two-phase flows has 

incorporated two approaches: homogeneous models and separated flow models (Wallis, 

1969, Hewitt and Hall-Taylor, 1970). Homogeneous models treat the two-phase mixture 

as a single fluid having physical properties related to the proportions of liquid and gas in 

the system. Separated flow models assume that each phase flows through a channel 

proportional to the area of the pipe occupied by that phase and then combines the effects of 

each to determine the total pressure drop. The success of these approaches is highly 

dependent upon the flow regime. Homogeneous models are more successful when one 

110 



phase is continuous while the other is dispersed, such as in bubble flow. Separated flow 

models tend to be more successful when both phases are continuous and separated such as 

in annular flow. Slug flow approaches the homogeneous case at low void fraction when 

the Taylor bubbles are small, but more closely approximates a separated flow at higher void 

fraction when the Taylor bubbles are very long. Despite the promise of these models, large 

errors are not uncommon when modeling two-phase flow pressure drops (Wallis, 1969). 

The homogeneous pressure drop model is developed by considering the two-phase 

mixture to be a single, homogeneous fluid. The Fanning equation for single phase 

pressure drop, using physical properties of the mixture, becomes 

df. _ 2 fTP PM U~S 
dx - 0 ' 

(4.13) 

where fTP is the two-phase friction factor, to be determined, and PM is the mixture density 

given by 

PM = <a> PG + (1-<0.» PL· (4.14) 

The Reynolds number for the mixture is defined as 

(4.15) 

The viscosity of the liquid, ilL, is used rather than that of the mixture because the wall 

region of bubble and slug flows is mostly gas free. The two-phase friction factor is then 

computed using the Blasius relation, 

fTP=-L, 
R~ 

(4.16) 

where C = 16 and n = 1 for laminar flow and C = 0.046 and n = 0.2 for turbulent flow. 
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While this approach has been shown to provide reasonable results for Ig bubble 

flows r:vv allis, 1969), only two studies other than the present one have evaluated this model 

for microgravity two-phase flows. Lambert, 1990 evaluated this model and variants of it, 

as well as separated flow models, for micro gravity flows of Freon R-12 in an 8.7 mm ID 

tube. The model shows fair agreement with measured pressure drop for bubble-slug and 

slug flow when the measurements are corrected for nonzero axial accelerations of the 

aircraft. Some error was introduced when the void fraction was calculated from the 

superficial velocities of vapor and liquid (implicitly assuming that Co = 1). Unfortunately, 

the mixture Reynolds number (or the data needed to compute it) was not reported in 

Lambert's study. Lambert's study also concluded that the bubble and slug flow pressure 

drops were essentially identical for microgravity and normal gravity. 

Colin, 1990, compared the homogeneous model to microgravity bubble flow 

measurements made in a 40 mm ID tube for Re,-p > 10000. Measured void fractions were 

used in the model. The model showed excellent agreement with the measured pressure 

drop in nearly all cases, confirming the validity of the homogeneous model for fully 

turbulent microgravity bubble flows. 

Because tube roughness, misaligned flanges and other imperfections can cause 

deviations in pressure drop from the Blasius model, the test section pressure drop was 

verified for single phase water and water-glycerin flows in normal gravity using the same 

apparatus as in the microgravity experiments. As shown in Figure 4.8, the agreement 
----- --

between the model and the measured pressure drop is excellent for the water-glycerin 

solution for 400 < Re < 6000. Even the laminar-turbulent transition, traditionally a 

troublesome region, behaves in accordance with the Blasius model for water-glycerin. The 

results in Figure 4.8 for water demonstrate the behavior usually observed in single phase 

pipe flow. As shown, in the laminar-turbulent transition region there is considerable 

discrepancy between the measurements and the Blasius model predictions, while the 
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discrepancy disappears for Re >30000. This is likely due to perturbations in the flow 

which were not completely damped for the water experiments in Figure 4.8. This indicates 

that the Blasius model can be expected to accurately predict the pressure drop for fully 

laminar and fully turbulent flows while large errors may be incurred in the transition 

region. 

The two-phase friction factors calculated for the valid microgravity bubble and 

bubble-slug flow experiments are shown in Figure 4.9. Many of the bubble and slug flow 

experiments shown in the previous flow pattern maps were taken prior to correcting 

problems with the pressure measurement system and are not included in the pressure drop 

analysis. As shown, in all cases, the homogeneous model significantly underpredicted the 

measured pressure drops with the greatest deviation occurring in the laminar-turbulent 

transition region. The data do appear to have the same trends as the model however. The 

same analysis was made for the valid slug flow experiments as shown in Figure 4. 10. 

This figure shows a large amount of scatter in the results for all three liquids tested and a 

significant discrepancy between the homogeneous models and the experiments. 

The discrepancies between the homogeneous model and the experimental 

measurements shown in Figure 4.9 and 4.10 may be attributed to several factors. 

Unfortunately, for the tube diameter tested and the flow rates available in the test rig, many 

of the values of Re,p lie in the laminar-turbulent transition region. This is a difficult region 

in which to take measurements due to the instability in the flow. In Figures 4.9 and 4.10, 

the discrepancy between the model and the experiments is considerably reduced for the few 

runs in which ReTP > 10000 and in this higher Reynolds number region, results 

comparable to those of Colin, 1990 were obtained. Hydraulic limitations in the liquid flow 

system prevented a more complete investigation of the fully turbulent region within the time 

constraints of this study. 
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The short length of the test section used for these experiments, which was limited 

by the space constraints of the Learjet aircraft, may also have led to errors in the pressure 

drop measurements. The pressure drop in the bubble and slug flow experiments was 

sufficiently small for the experimental error to become significant. The estimated error of 

0.03 psi in each transducer leads to errors as large as 40% for the lowest velocity 

experiments. The experimental error could be reduced by using a much longer test section, 

leading to a much greater pressure difference between transducers. The short test section 

length and short duration of the experiment also leads to concerns about the stationarity of 

the resulting signals. In the high void fraction slug flow runs, a single long Taylor bubble 

may occupy the majority of the test section for a significant portion of the run. Even 

though the pressure drop is averaged over the length of the run, the total number of 

measurements may be insufficient to obtain a stationary mean value. Unfortunately, longer 

duration runs require the use of the space shuttle, which was not available during this 

study. 

Finally, the validity of the assumptions implicit in the homogeneous model must be 

considered. In bubble and slug flows, the gas phase is dispersed heterogeneously in the 

liquid and the assumption of a single-phase, homogeneous mixture is imperfect. The value 

of ReTP represents an average condition while local regions of laminar, turbulent and 

transitional behavior may exist within the flow. As a result this model may be incapable of 

predicting the complex behavior associated with the transition region. The results of Colin, 

1990 and the few higher Reynolds number experiments in the present study indicate 

however that the model is valid for the region in which Rey-p > 10000. 

A separated flow model (Lockhart-Martinelli, 1949) was also applied to the slug 

flow data but this resulted in very poor agreement with the measured pressure drop and 

was therefore not included. Newer approaches including detailed simulation around 
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bubbles and slugs (Mao, 1988) may eventually yield better mechanistic models for pressure 

drop but these techniques are currently very difficult to use for design purposes. 

The objective of these studies, and those that follow, is to determine when bubble 

and slug flow models developed in earth-gravity are suitable for use in microgravity and 

when new models must be developed. The results of this study indicate that the Drift-Flux 

model for void fraction and velocity developed for earth gravity is also suitable for 

microgravity when a zero drift velocity is used. The results of the pressure drop analysis in 

this study are inconclusive although Colin, 1990 indicates that the homogeneous two-phase 

friction factor model is suitable for turbulent microgravity bubble and slug flows. Further 

study is required to fully. develop the understanding of microgravity bubble and slug flow 

pressure drop needed for design and operation. 

I 
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Chapter 5 Properties of Microgravity Annuiar Flows 

5 . 1 Introduction 

The microgravity flow pattern maps shown in Figures 3.14 - 3.19 clearly show that 

the majority of the gas and liquid superficial velocity parameter space lies within the annular 

flow region of the maps. Many near term space applications such as two-phase spacecraft 

thermal management systems and two-phase power cycles will operate primarily in the 

annular flow regime. Annular flow is also the most prevalent flow pattern encountered in 

earth-based industrial applications such as natural gas wells and pipelines, boilers and 

evaporators. 

Annular flow is characterized by the presence of an irregular, wavy gas-liquid 

interface. Across this interface, momentum, heat and mass transfer are greatly enhanced, 

in a complex way, due to the presence of the waves. Despite many years of research, the 

understanding of annular flows remains largely empirical (Dukler, 1977) and a more 

fundamental insight into the nature of the wavy interface is just beginning to emerge 

(Wasden, 1989). Due to the difficulties inherent in microgravity experimentation, the 

understanding of annular flow in microgravity is far worse yet, with the few studies 

available being limited to flow pattern identification and perhaps pressure drop. A basic 

qualitative understanding of the nature of micro gravity annular flow as well as key 

measurements such as liquid film thickness, wave amplitude, velocity and frequency, 

pressure drop and wall shear stress are largely absent from the literature. Because of the 

lack of research on this important flow regime, much of the current study was focused on 

the annular flow pattern in micro gravity . The microgravity annular flow measurements 

recorded in this study are included in Appendix E. 
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5 . 2 Qualitative Observations of Microgravity Annular Flows 

While many high speed movie films of microgravity annular flows were recorded 

during the flow pattern mapping studies, these movie films did not provide sufficient clarity 

to pennit an understanding of the physical nature of the flow. While the gas-liquid 

interface appeared to be axisymmetric in the mean sense, it appeared to be locally rough and 

irregular. The shape of the waves appeared to be in a continuous state of change but this 

was difficult to confinn photographically. The nature of the interface also appeared to vary 

with the changes in physical properties examined during these studies. Because these 

effectS were difficult to resolve photographically, special test sections, described in detail in 

Chapter 2, were constructed in order to provide the measurements needed to better 

understand microgravity annular flow. These measurements allowed for a level of detail in 

the description of microgravity annular flows which does not currently exist in the 

literature. 

The test section shown in Figure 2.28 allowed for measurement of the liquid film 

thickness simultaneously at four locations around the perimeter of the tube. A fifth probe 

was located 5 cm downstream with the same angular orientation as the first probe (on the 

bottom of the tube). A typical time series output from these probes is shown in Figure 5.1. 

The time lag between the first and fifth probes is approximately 0.02 s in this particular 

experiment. As shown by examining the traces from the first four probes in Figure 5.1, 

the gas-liquid interface is not axisymmetric in a local sense. The waves are not of unifonn 

amplitude or shape around the perimeter. The mean film thicknesses of these traces are 

essentially equal though, confirming that microgravity annular flows are axisymmetric in 

the mean as would be expected. The traces in Figure 5.1 also show that the large waves 

are essentially ring-like in nature. Nearly all of the large waves shown at the bottom of the 

tube have counterparts at the other measurement points. 
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A comparison of the film thickness measurements shown in Figure 5.1 at the 

bottom of the tube shows that the shapes of the waves are changing as they move down the 

tube. This is expected since the gas-liquid interface is a deformable boundary which is 

being subjected to strong pressure and shearing forces. In several cases, wave splitting is 

observed in which a single wave measured at the upstream probe is observed to be 

breaking into two smaller waves at the downstream probe. An example of this can be seen 

in Figure 5.1 by comparing the first wave in the lower most time series with the first wave 

in the upper most time series. Wave splitting and joining is only possible if the two 

daughter waves have different celerities (axial propagation velocities). This behavior is 

also observed in soliton waves where the wave celerity is a function of the wave amplitude. 

In such systems, large amplitude waves overtake the smaller amplitude waves leading to 

joining and splitting phenomena. 

Only a few experiments were performed with the five-probe test section shown in 

Figure 2.28 before the test section was damaged. Because the results obtained from the 

few experiments that were performed were sufficient to provide insight into the nature of 

microgravity annular flows, the decision was made to abandon this test section and proceed 

with other annular flow measurements rather than rebuild it. The test section shown in 

Figure 2.27 was then constructed specifically for annular flow measurements. 

Another qualitative observation made during the course of the annular flow studies 

was the effect of the liquid physical properties on the nature of the gas-liquid interface. 

Figure 5.2 shows film thickness time series of micro gravity annular flows made with air­

water, air-water/glycerin and air-waterlZonyl FSP, all at the same superficial gas and liquid 

velocities. The effect of liquid viscosity is shown by comparing the air-water and air­

water/glycerin results. These show that a higher viscosity liquid results in a thicker liquid 

film with larger amplitude waves. Enlargements of a few of the air-water and air­

water/glycerin waves in Figure 5.2 are shown in Figure 5.3. While the space between the 
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large waves is smooth in the air-water trace, the space between large waves in the air­

water/glycerin trace contains small ripple waves and no smooth regions of the film are 

present. 

Comparing the air-water and air-waterlZonyl FSP traces in Figure 5.2 shows the 

effect of surface tension on the nature of the gas-liquid interface. As shown, both the 

substrate thickness and wave amplitude are significantly smaller for the reduced surface 

tension case. There are also fewer large waves present on the air-water/Zonyl FSP 

interface. Enlargements of the air-water and air-waterlZonyl FSP waves are shown in 

Figure 5.4. As shown, the waves on the air-water/Zonyl FSP interface appear to be 

broader and the back sides of the waves have a smaller slope. The regions between the 

waves appear to be equally smooth for both liquid systems. It should also be noted that in 

some of the low velocity air-waterlZonyl FSP annular flow runs, tube dry-out events were 

observed in the movie films in which the liquid film dissipated and became discontinuous 

in a small region of the tube. 

These initial qualitative observations of microgravity annular flows were 

constructive in setting the direction for more detailed quantitative measurements and 

analysis. These are presented in the sections that follow. 

5 .3 Film Thickness Measurements 

In addition to the qualitative film thickness results presented previously, the 

accuracy of the film thickness probes used in this study (±5%) allows for quantitative 

measurements as well. These areof use in formulating overall heat and mass balances for 

design as well as for gaining deeper insight into the nature of the gas-liquid interface. 

The mean film thickness for microgravity annular flow in a 12.7 mm ID tube is 

plotted as a function of gas and liquid superficial velocities in Figures 5.5, 5.6 and 5.7 for 
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air-water, air-water/glycerin and air-waterlZonyl FSP, respectively. The data are fitted 

with second order polynomials to indicate trends. As expected, the mean liquid film 

thickness increases with increasing liquid superficial velocity, but, as shown, the film 

thickness decreases with increasing superficial gas velocity. In all cases, the liquid .films 

are very thin, with even the thickest films occupying less than 20% of the tube radius. 

The effect of liquid viscosity on the mean film thickness is demonstrated by 

comparing Figures 5.5 and 5.6. The air-water/glycerin annular films are significantly 

thicker than the air-water annular films at the sam~ gas and liquid superficial velocities. 

This was shown qualitatively in Figure 5.2 where it can be seen that this increase in mean 

film thickness can be attributed both to a thicker liquid substrate film and a greater average 

wave amplitude. While the curves in Figure 5.5 remain equally spaced across the range of 

gas superficial velocities, the curves in Figure 5.6 appear to converge towards a single 

value at high gas superficial velocity, becoming independent of liquid superficial velocity. 

At low gas superficial velocity, the curves for the two highest levels of superficial liquid 

velocity cross in Figure 5.6 and the values in that region show more scatter. This may be 

due to flow pattern transition effects because these conditions are close to the slug-annular 

transition region on the flow pattern maps. Near the transition, the wave amplitude 

approaches the tube radius and the standard deviation of these experiments is nearly equal 

to the mean value. Since the sampling time is relatively short in the microgravity aircraft, 

these large waves can lead to a large amount of scatter in the results. Annular film 

thickness measurements taken in Ig for large sampling times (> 2 minutes) are much more 

reproducible (Fore, 1993). 

The effect of surface tension on the mean film thickness is shown by comparing 

Figures 5.5 and 5.7. As shown, the air-waterlZonyl FSP annular films are much thinner 

than air-water annular films at the same conditions. This was also shown in Figure 5.2 to 

be due to both a thinner liquid substrate film and a smaller average wave amplitude for the 
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air-waterlZonyl FSP films. The potential causes of these physical property effects on the 

mean film thickness will be discussed in later sections of this chapter. 

5.4 Wave Characteristics 

The conductance probe data allows for additional analysis of the characteristics of 

annular waves beyond the qualitative results presented previously. These include the wave 

amplitude, celerity (axial velocity) and frequency. This may lead to a better understanding 

of the processes occurring in and around the annular waves in micro gravity . 

The film thickness time series shown in Figure 5.1 show that the liquid film 

consists of a substrate film and large amplitude waves. Since the major deviation in film 

thickness from the mean value is the large waves and not the small ripples, the standard 

deviation in the film thickness time series provides a measure of the height of these waves 

relative to the mean. Because the mean value lies near the substrate thickness, the standard 

deviation is also a measure of the wave amplitude relative to the substrate thickness. 

The standard deviation of the film thickness, O"h is shown as a function of 

superficial gas and liquid velocities in Figures 5.8, 5.9 and 5.10 for air-water, air­

water/glycerin and air-waterlZonyl FSP, respectively. As shown in all three plots, O"h 

decreases with increasing UGS, but the rate of decrease is less at the highest values of UGs. 

For low UGS, O"h increases with increasing ULS, but O"h becomes essentially independent of 

ULS for the highest values of UGs. As was shown previously in the qualitative examination 

of the film thickness traces, a comparison of Figure 5.8 to Figure 5.9 indicates that an 

increase in liquid viscosity leads to an increase in wave amplitude. Similarly, a comparison 

of Figures 5.8 and 5.10 shows that a decrease in the surface tension leads to a decrease in 

wave amplitude. 
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As was shown previously, the mean film thickness also decreased with increasing 

Vas. The ratio of mean to standard deviation in film thickness was computed so that the 

height of the waves relative to the substrate could be more readily quantified. This ratio is 

shown in Figures 5.11, 5.12 and 5.13 for air-water, air-water/glycerin and air-waterlZonyl 

FSP, respectively. These figures indicate that the wave amplitude decreases faster than the 

mean film thickness as Vas increases. Similar results were also reported by Fore, 1993 for 

vertical upward annular flows at 19. It was found in the laboratory in vertical downward 

flow that for Vas> 50 mis, the waves virtually disappear. Figures 5.11, 5.12 and 5.13 

also indicate that the ratio of mean to standard deviation in film thickness is nearly 

independent of both VLS and the liquid viscosity and surface tension. 

The celerity (axial velocity) of the waves is also of interest for better understanding 

the nature of microgravity annular flows. Because there is significant slip between the two 

phases and the interaction between the two phases is complex, no simple relation between 

superficial velocities and wave celerities exists analogous to the Drift-Flux model for 

bubble and slug flows. The wave celerity is expected to not only depend on the superficial 

gas velocity but also on the wave shape, wall and interfacial friction and droplet 

entrainment from the wave crests. 

The wave splitting and joining phenomena noted in Figure 5.1 suggest that a 

distribution of wave celerities exists within an annular flow. The typical cross-correlation 

result shown in Figure 2.16 also shows that the wave celerities are distributed in a nearly 

Gaussian fashion around a mean value. Analysis of individual waves has not shown the 

celerity to be a simple function of measurable quantities such as wave amplitude or slopes 

of the wave fronts or tails but instead the celerity is probably a complex function of the 

wave shape. Since the shape of the wave appears to be in a state of continuous change, 

this would suggest that the celerity of a given wave is also changing continuously. 
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A detailed study of the factors affecting the celerity of individual waves is beyond 

the scope of the present study, however the mean celerity of each of the annular 

experiments can be computed from the cross-correlations of the conductance probe signals 

as discussed in Chapter 2. The mean wave celerity values are shown as a function of 

superficial velocities in Figures 5.14, 5.15 and 5.16 for air-water, air-water/glycerin and 

air-waterlZonyl FSP, respectively. In all cases, the mean celerity increases as ULS 

increases. The celerity also increases with increasing UGS except for the highest liquid rate 

experiments in Figures 5.15 and 5.16. The increase in U with decreasing UGS (DGS < 15 

mls) at ULS = 0.5 mls for the air-water/glycerin system may be due to flow pattern 

transition effects since these runs lie very close to the transition region on the flow pattern 

map. The large amount of scatter in the air-waterlZonyl FSP results for ULS = 0.5 mls is 

difficult to explain since other quantities measured in these experiments, such as mean film 

thickness, do not show such variation. It should also be noted that with the exception of 

the experiments taken at ULS = 0.5 mis, there is little effect of liquid physical properties on 

the mean wave celerity. 

Another wave property which can be deduced from the film thickness data recorded 

in this study is the frequency distribution. Current annular flow simulations reported in the 

literature focus primarily on modeling a single wave (McLean, 1983, Chauve and 

Schiestel, 1985, Wasden, 1989). In order to scale up results such as pressure drop and 

heat and mass transfer rates to the entire flow system, knowledge of the frequency of 

occurrence of these waves is necessary. 

The cross-correlation function (2.4) is modified to form the autocorrelation 

function, 

Rl1(t) = Rll(S-t) = E{X1(t) X1(s)}, (5.1) 
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where E represents the expectation value (Bendat and Piersol, 1986). This function 

quantifies the degree of correlation between a given measurement in a process and other 

measurements in the same process. The film thickness time series can be assumed to be 

stationary processes since segments of these series have nearly the same mean values and 

standard deviations. If the process is assumed to be stationary, the autocorrelation is a 

function only of the time lag 't between two measurements in the same process as indicated 

in (5.1). The autocorrelation is transformed to the frequency domain by computing the 

power spectral density function as the Fourier transform of the autocorrelation, 

$(01) = L RII(u) e-' .... du . 

The power spectral density function is usually normalized by the total power, 

f RII (u) eo''''' du 

<1>(0)) = -----L $(01) dOl 

(5.2) 

(5.3) 

Since the film thickness time ~~ries represents a discrete rather than continuous 

process, the power spectral density function is most efficiently computed using the Fast 

Fourier Transform (FFT) algorithm. In using this algorithm, a problem known as side 

lobe leakage arises which causes power at one frequency to "leak" into adjacent 

frequencies. This problem is significantly reduced by the use of one of many available 

windowing functions (Press et aI., 1992). Several common windowing functions were 

tested and no discernible difference was detected. The often-used Hanning window was 

therefore used for all power spectral analysis in this study. 

A typical nonnalized power spectral density function for microgravity annular flow 

is plotted versus frequency in Figure 5.17. This function was computed using a 2048 
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point Hanning window with segments overlapping 50% (Press et aI., 1992). The 

frequency resolution with this method is 0.5 Hz. As shown, the wave frequency is 

concentrated at low frequency with 90% of the spectral power below 49 Hz. The power is 

essentially zero at frequencies above 100 Hz. The power spectrum also exhibits a ~harp 

maximum with a modal value of 8.3 Hz. Analysis of all of the annular flow experiments 

showed that this modal value was a function of the superficial gas and liquid velocities. 

Since this modal value was also easily and unambiguously identified in each power 

spectrum, it was chosen as the characteristic frequency measurement for wave frequency 

analysis. 

The power spectrum modal frequency for microgravity annular flow, computed as 

described above, is shown as a function of gas and liquid superficial velocities in Figures 

5.18, 5.19 and 5.20 for air-water, air-water/glycerin and air-water/Zonyl FSP in a 12.7 

mm ID tube. While the results exhibit considerable scatter, the plots show the characteristic 

frequency to be a strong function of UGS and a weaker function of ULS. The frequencies 

are generally largest for the air-water system. The air-water/glycerin system shows little 

effect of ULS. For ULS = 0.5 mis, the air-water/Zonyl FSP results are similar to those of 

the air-water system but for the lower superficial liquid velocities, the modal frequencies 

are approximately one half of the air-water modal frequencies under the same conditions. 

While no frequency results are reported in the literature for microgravity annular 

flow, both Chu and Dukler, 1975 and Jayawardena, 1993 report annular wave modal 

frequencies ofless than 10 Hz for Ig air-water concurrent upward annular flow for flow 

conditions similar to those in the present study. This suggests that gravity acts as a strong 

damping force on wave formation and growth processes. 

Annular wave formation is thought to be due to instabilities occurring at the gas­

liquid interface (Andreussi et al., 1985, Jurman et al., 1989). Factors influencing the gas-
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liquid interface such as the shear rate at the surface and gravity as well as the surface 

tension and liquid viscosity may influence this instability in complex ways, and detailed 

simulation studies are needed to better quantify these effects. The present results do 

however establish bounds on the annular wave frequencies and indicate the relative 

importance of the variables on the results. 

5.5 Annular Flow Pressure Drop 

The pressure drop encountered in an annular flow system is one of the most 

important quantities to the designers of these systems. It is well established on earth that 

the introduction of a thin film of liquid onto the perimeter of a gas pipeline can increase the 

pressure drop by an order of magnitude. This increase is much more than would be 

expected due to the reduction in flow area in the pipe. This suggests that a strong 

interaction exists between the two phases. 

As two-phase· systems become a part of large space-based research and 

manufacturing facilities, the ability to predict the pressure drop in annular systems will be 

crucial to proper design and operation. For this reason, much of the effort in this study 

was devoted towards obtaining accurate pressure drop measurements in microgravity 

annular flow. As described in Chapter 2, pressure drop measurement in the reduced 

gravity aircraft is difficult due to vibrations and small acceleration components. However, 

the pressure measurement system used in this study as well as the operating procedure 

were refined until reproducible measurements could be obtained. 

The pressure drop obtained in microgravity annular flow in a 12.7 mm ID tube is 

shown as a function of UGS and ULS in Figures 5.21, 5.22 and 5.23 for air-water, air­

water/glycerin and air-waterlZonyl FSP, respectively. As shown, the pressure drop 

measurements are smoothly increasing functions of both superficial velocities and are well 
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fit with second order polynomials. The replicated experimental points indicate that the 

reproducibility of the measurements was excellent with an average deviation between 

replicates of 3%. In all cases, the two-phase pressure drop greatly exceeds the single­

phase gas pressure drop predicted from the Blasius model. 

Comparing Figures 5.21 and 5.22 shows that increasing the viscosity of the liquid 

results in a significant increase in the pressure drop in all cases. This difference in pressure 

drop becomes larger as Dos and DLS increase. This increase is likely due in large part to 

the increased roughness of the higher viscosity liquid films as seen when comparing the 

film thickness traces in Figure 5.3. Chu and Dukler, 1975 showed that for Ig vertical 

upward annular flow, the large increase in pressure drop in annular flow over that in 

single-phase gas flow was due primarily to the small ripple waves on the liquid film and 

not the form drag over the large waves. 

A comparison of Figures 5.21 and 5.23 shows that there is no significant effect of 

surface tension on the pressure drop with all measurements in the two plots being nearly 

identical. The comparison of film thickness traces for high and low surface tension in 

Figure 5.4 shows that there is a large difference in shape and amplitude of the large waves 

but that both liquid films are relatively smooth. These measurements and observations 

further support the conclusion of Chu and Dukler, 1975 that the surface roughness, and not 

the large waves, controls the pressure drop in annular flow. 

As discussed in Chapter 4, for purposes of modeling pressure drop in microgravity 

annular flow, the separated flow models are more appropriate than homogeneous models 

since there is considerable slip between the phases. One of the earliest but most time-tested 

annular pressure drop models is the Lockhart-Martinelli model (Lockhart and Martinelli, 

1949). This scheme relates the pressure drop of the annular flow to the pressure drops of 

each phase flowing alone in the pipe. This has the advantage of being easy to use since 
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correlations for single-phase pressure drop are well established. Miller et aI., 1993, 

showed that the Lockhart-Martinelli model was in fairly good agreement with pressure drop 

measurements for microgravity annular flow of R-12 in 4.6 mm and 10.5 mm tubes. 

Based on these results, the Lockhart-Martinelli model was evaluated for the present 

measurements as well. 

In the Lockhart-Martinelli model, the gas two-phase flow multiplier, defined by 

(5.4) 

is used to relate dPTP, the two-phase pressure drop, to dPG, the pressure drop of the gas 

flowing alone in the tube. The Lockhart-Martinelli model provides correlations for <Pa 

based on the Martinelli parameter defined as 

(5.5) 

where dPL is the pre~sure drop of the liquid flowing alone in the tube. The original 

correlations consisted of a set of graphs to predict <Pa based on whether the liquid or gas 

phases were laminar or turbulent. A more convenient correlation is that provided by 

Chisholm, 1967, 

2 cpo = 1 + CX + X2 . (5.6) 

The value of C depends on whether the liquid and gas streams would be laminar or 

turbulent if they were flowing alone in the tube. The appropriate values of C are given in 

Table 5.1. 
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Table 5.1 

Values of the C constant for the Lockhart-Martinelli-Chisholm Model 

Gas Phase 

Turbulent 

Turbulent 

Laminar 

Laminar 

Liquid Phase 

Turbulent 

Laminar 

Turbulent 

Laminar 

20 

12 

10 

5 

The Martinelli parameter can be calculated from the single-phase pressure drops 

using the standard friction factor approach. The single-phase pressure drops are calculated 

for either phase with the Fanning equation, 

The Martinelli parameter then becomes 

X 2 = fL PL Vrs 
fG PG vbs 

The single phase friction factors are calculated using the Blasius relation, 

f=.9L 
Ren ' 

(5.7) 

(5.8) 

(5.9) 

where CB = 16, n = 1 for laminar flow (Re < 2000) and CB = 0.046, n = 0.2 for turbulent 

flow (Re > 2000). Once the values of X and $0 have been determined, the two-phase 

pressure drop is calculated from (5.4). 

The pressure drop predicted from the Lockhart-Martinelli-Chisholm model for the 

superficial velocity conditions in each microgravity annular flow experiment is plotted 

155 



against the measured pressure drop in Figure S.24. As shown, the agreement is fairly 

good for all three gas-liquid systems studied with an average error of ±20%. A similar 

level of agreement is reported for Ig vertical annular flows by Wallis, 1969. Miller et al., 

1993 reports an average error of 22% for the 10.5 mm ID tube but 56% for the 4.6 mm 

tube for microgravity annular flow of R-12. Thus based on the present study and the 10.5 

mm ID tube results of Miller et aI., 1993, it appears that the Lockhart-Martinelli model 

provides about the same quality of prediction for annular flow pressure drop in 

microgravity as it does in normal gravity. 

Another approach to two-phase pressure drop prediction, presented in Wallis, 

1969, is to determine the interfacial friction factor by modifying the Fanning equation 

(S.7). This approach assumes the gas is flowing through a tube of diameter D - 2h, which 

is the tube diameter corrected for the average liquid film thickness. The velocity of the gas 

must also be corrected for the reduced tube diameter by 

(S.lO) 

Substituting these modifications into (5.7) leads to the interfacial friction factor, 

(5.11 ) 

Predicting the interfacial friction factor from the Blasius correlation would be 

equivalent to assuming that the liquid film was smooth, and this would lead to a large 

underprediction of the pressure drop. To account for the roughness of the liquid film, 

Wallis, 1969, developed an empirical correlation from a large collection of Ig annular flow 

data. For 0 < hID < 0.04 (very thin liquid films), the data are well fitted by 

fi = O.OOS [ 1 + 300 ~] . (S.12) 
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The interfacial friction factor was computed from (5.11) for the microgravity 

annular flow experiments. These are plotted as a function of the dimensionless film 

thickness, hID, in Figures 5.25, 5.26 and 5.27 for air-water, air-water/glycerin and air­

waterlZonyl FSP, respectively. As shown, the Wallis model gives good agreement with 

the data for very thin liquid films but the discrepancy increases sharply with increasing hID. 

This behavior suggests that the assumptions implicit in the derivation of (5.11) and in the 

data used to develop (5.12) are violated as hID increases. The fact that the discrepancy 

begins at lower values of hID for higher values ofUGS sugg~sts that entrainment of liquid 
- - = -

droplets from the film, which also increases with increasing UGS, may be the major cause 

for this discrepancy. Th~s will be discussed further in later sections. Based on the results 

in Figures 5.25, 5.26 and 5.27, it is reasonable to conclude that the Wallis model provides 

a poor prediction of the interfacial friction factor for micro gravity annular flow except for 

very thin liquid films. 

5. 6 Wall Shear Stress Measurements 

Another quantity of interest in developing an understanding of the processes 

occurring in annular flows is the wall shear stress. The wall shear stress is a measure of 

the interaction of the liquid film with the tube wall and is an essential component of a force 

balance on the annular flow. Measurements of wall shear stress may also provide input for 

simulations of the waves (Wasden, 1989). 

The wall shear stress time series trace shown in Figure 2.25 shows a wavy pattern 

which is qualitatively similar to the film thickness time series. Since the sensing element of 

the wall shear stress probe was carefully positioned at the same axial location as the film 

thickness probe (but offset 21° angularly), it is possible to examine the connection between 

features in the wall shear stress and film thickness time series. As shown in Figure 5.28, 

the waves in the film thickness trace coincide with the peaks in the wall shear stress 
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indicating that the region of the film under the waves experiences the greatest wall shear 

stress. An expanded view of a single wave, shown in Figure 5.29, indicates that, within 

the resolution of the measurements, the maximum value in both film thickness and wall 

shear stress occurs at the same time. This suggests that some of the form drag across the 

wave is transmitted to the wall of the tube. This was also demonstrated in the wave 

simulations of Wasden, 1989 for waves on falling films, which show a recirculating region 

under the wave penetrating into the substrate film near the wall. 

The mean values of wall shear stress are shown as a function of ULS and UGS in 

Figures 5.30, 5.31 and 5.32 for air-water, air-water/glycerin and air-waterlZonyl FSP, 

respectively. The wall shear stress for air-water/glycerin in Figure 5.31 shows a 

monotonic increase with both ULS and UGs. but Figures 5.30 and 5.32 exhibit more 

complex behavior. As shown, for the air-water and air-waterlZonyl FSP plots, the wall 

shear stress for the lower values of ULS exhibit a minimum while those for the higher 

values of ULS increase monotonically. The increase in wall shear stress with UGS can be 

attributed to higher interfacial shear as Uos increases. The presence of a minimum 

suggests that a second mechanism is also present which becomes important when both ULS 

and UGS are small. 

To gain insight into a possible second mechanism affecting the wall shear stress at 

low values of both superficial velocities, the high-speed movie films were reexamined. In 

the air-water and air-waterlZonyl FSP runs for which ULS ~ 0.1 mls and UGS < 10 mis, the 

waves exhibit a wider range of celerities than at other conditions, as indicated by both 

movie films and film thickness cross correlations. These waves can be observed growing 

from a slow moving perturbation in an otherwise smooth film. As the amplitude of these 

waves increases, they experience a rapid acceleration because the force imposed on the 

wave by the gas core increases with wave amplitude in a nonlinear fashion. Following this 

acceleration, the wave amplitude declines again and the celerity decreases. This decline 
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may be caused by a local increase in the gas velocity over the wave due to a decreased area 

for flow. As shown previously, as the gas velocity increases, the wave amplitude is 

suppressed. The overall result is a wave which grows, surges forward and then partially 

dissipates. These surges create large increases in the wall shear stress leading to a larger 

mean value. This phenomenon was not observed at higher values of Dos perhaps because 

the higher velocities may prevent sufficiently large waves from forming. The higher 

viscosity of the liquid film in the air-water/glycerin experiments may have prevented the 

rapid growth of large waves since the phenomenon described above is not observed in the 

air-water/glycerin experiments. 

If the proposed mechanism is correct, there should be a larger variation in the wall 

shear stresses measured for the air-water and air-waterlZonyl FSP experiments conducted 

at low superficial velocities. The standard deviation of the wall shear stress time series 

measurements is shown in Figures 5.33, 5.34 and 5.35 for air-water, air-water/glycerin 

and air-waterlZonyl FSP, respectively. As shown, these measurements follow the same 

trend as the mean wall shear stress measurements with a large increase in the standard 

deviation at low values of both Dos and DLS for both the air-water and air-waterlZonyl FSP 

experiments. The air-water/glycerin experiments do not show this increase in standard 

deviation. While the data are consistent with the proposed mechanism, a more detailed 

study would be required to verify this. 

5. 7 Annular Flow Force Balances 

A more detailed understanding of microgravity annular flow is possible if the total 

pressure drop is separated into its component parts, as was demonstrated by Lopes and 

Dukler, 1986 and Fore, 1993 for Ig annular flows. An overall force balance on the 

annular flow yields 
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(5.13) 

where PGC is the density of the gas core (including entrained droplets) and AE is the net 

momentum loss due to droplet entrainment, acceleration and deposition. The second and 

third terms on the right side of (5.13) represent the hydrostatic pressures for the liquid film 

and the gas core, which are negligible in microgravity. The remaining terms on the right 

side of (5.13) can be thought of as contributions to the total pressure drop. Thus the total 

pressure drop can be represented as 

_afT = ~+APE 
L L L' 

(5.14) 

The first term on the right in (5.14) is the pressure drop due to wall friction while the 

second term is the pressure drop due to entrainment, acceleration and deposition of 

droplets. 

The total pressure drop was measured directly and the pressure drop due to wa1I 

friction can be computed from the wall shear stress measurements and (41D}tw on the right 

side of (5.13). Entrainment characteristics could not be measured directly in this study. 

Entrainment measurements even in normal gravity are difficult to perform. The 

procedure requires either removing the liquid film through a porous section of the tube wall 

and collecting the liquid remaining in the gas core (Fore, 1993) or sampling the gas core 

with a pitot tube (Asali, 1984). Both techniques require careful experimental attention and 

are not, in present form, suitable for automated operation in the microgravity environment. 

The entrained liquid fraction is also sufficiently small so that several minutes of collection 

time are required to obtain an accurately measurable sample. These problems prevented 

entrainment measurements in the short microgravity periods available in the present study. 
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Since two of the three terms in (5.14) were measured directly, the difference 

between these yields information about droplet entrainment and deposition. The ratio of 

total pressure drop to pressure drop due to wall friction is shown in Figures 5.36,5.37 and 

5.38 for air-water, air-water/glycerin and air-waterlZonyl FSP, respectively. In the limit of 

UGS = 0, the rate of entrainment would be negligible and the ratio shown in Figures 5.36, 

5.37 and 5.38 should become unity. In Figures 5.37 and 5.38, the ratio slightly exceeds 

unity at the lowest values of UGS, but this difference is within the 10-15% uncertainty 

estimated for the wall shear measurements. As UGS increases, the rate of entrainment 

should also increase and the ratio of wall frictional to total pressure drop should decrease. 

As shown in all three cases, the ratio tends towards unity for the lowest values of UGS and 

ULS and decreases as UGS increases. In all cases, the ratio converges to a single value, 

independent of ULS. at the highest value of UGs. 

The results in Figures 5.36, 5.37 and 5.38 suggest that much of the total pressure 

drop can be attributed to entrainment effects. At the highest values of UGS, only 37% of 

the total pressure drop can be accounted as wall friction in Figure 5.36 for air-water. The 

increased liquid viscosity results in about 60% of the total being attributable to wall friction 

at high UGS in Figure 5.37, suggesting that entrainment is reduced for the high viscosity 

liquid case. The ratio of wall frictional to total pressure drop decreases to 20% at high UGS 

in Figure 5.38 for the air-waterlZonyl FSP case suggesting that entrainment increases with 

a decrease in surface tension. This is reasonable since surface tension forces playa large 

role in maintaining the cohesiveness of theIiquid film. As the surface tension is reduced, 

the rate of entrainment would be expected to increase. This effect may also be responsible 

for the decreased wave amplitude and film thickness for the air-waterlZonyl annular flows 

if the wave crests are more easily entrained into the gas core. 

Similar analyses by Lopes and Dukler, 1986 and Fore, 1993 for air-water vertical 

upward annular flow in 19 showed similar qualitative behavior but the fraction of the total 

173 



120 f I I U
LS 

(mls) m 

~ e 0.07 
100 0.1 

0.2 

80 
0.5 

..-.. 
~ ........ 

E-< p.. 

- ) 60 

~ p.. 
<l 

·· .. ·· .. ········ .. · .. ·······4 ·····························r,····:::":':::······~··· ~~~s:~:::::~~~-d 
i 
: 

40 
; 

20 ·· .. · .. ········· .. ··-··j--·-············-r·----····· .. r·.·----·--r .. -······ .. -·-···T··--·-·········--· 

o I , , I I , , , 

o 5 10 15 20 25 30 

Vas (m/s) 

Figure 5.36 Fraction of Total Pressure Drop Due to Wall Friction for Microgravity Air-Water Annular Flow 

I 1'1 



-...,J 
VI 

120 

100 

80 
,-... 

~ 
'-" 

Po!""' 
<l 

~ 
60 

Il... 
<l 

40 

20 

o 
o 

lo 

~_-.~:::_=tS=[::::::::::::I:::~:~~~:~:::::::::I:~~~~: 
U

LS 
(mls) 

e-- 0.07 

0.1 

..- 0.2 

-Ir- 0.5 
: a I 'I 

I I 
! 

~ ........ ~ ............. ",= .E)' ...................... . ............................. -:-................................ ~ •••••• u ..................... -

: : 

I j . , 
i ~ 

.................... u ....... ,i. .................................. i. ..... , ... , ............................ ! .. " .................. , ............ ; ................................. " ............................... . 

-.----.1. ..... -- .. -J................-.t ..... -.-... -........ 1.-..... -...... -....... 1. .. -.............. -..... .. 
iii i i 
: : : : : 

j ~ 1 i i 
i i ~ i E 
: : : : : 

5 10 15 

U
GS 

(mls) 

20 25 30 

Figure 5.37 Fraction of Total Pressure Drop Due to Wall Friction for Microgravity Air-Water/Glycerin Annular Flow 



-~ 
,.-., 

* '-' 

~ 

) 
~ 
<l 

120 

b 
1 00 t-..... OM·······_··_·· .. ···t···· .. ·_······················~\ ........................... , ........... -.~-......... ·····1··················· 

80 . 

60 

40 

20 

o 
o 5 10 15 

V
GS 

(mls) 

20 

VLS (mls) 

e 0.07 

8 0.1 

..- 0.2 

Ir- 0.5 

25 30 

Figure 5.38 Fraction of Total Pressure Drop Due to WaJI Friction for Microgravity Air-Water/Zonyl FSP Annular Flow 

11111 



pressure drop attributed to entrainment was only about 20% at high UGs. In those studies 

however, the pressure drop due to gravitational terms was more than 50% of the total 

pressure drop. When the dominant gravitational force is removed, weaker forces have a 

greater impact on the overall result. In the absence of direct entrainment measurements, the 

results cannot be checked by comparing the left and right hand sides of (5.14). In the 

present analysis, measurement errors or other pressure drop effects are included in the 

entrainment term. This makes the accuracy of the quantitative results in Figures 5.36, 5.37 

and 5.38 suspect. However the qualitative effects of UGS and the liquid physical properties 

on entrainment seem reasonable. 

If the entrainment results presented in this study are correct, entrainment processes 

are the dominant component in microgravity annular pressure drop and the proportion of 

liquid existing in the form of entrained droplets may be large. This would suggest the need 

for direct measurements of the entrainment rate in the microgravity environment. Long 

duration spacecraft experiments would likely be required to make such measurements 

accurately. 

5.8 Film Thickness Modeling 

The film thickness, wall shear stress and pressure drop measurements presented 

previously can also be used to assess the utility of film thickness models available in the 

literature for use in microgravity annular flow. 

The general consensus in the 1 g annular flow literature (Kosky, 1971, Henstock 

and Hanratty, 1976, Laurinat et al., 1984, Asali et al., 1985 and Ambrosini et al., 1991) is 

that the mean film thickness can be expressed in the form, 

hi: = X ReeF' (5.15) 
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where X and Y are constants. The dimensionless film thickness, ht, is defined as 

(5.16) 

with the liquid friction velocity, U~ , calculated as 

U* - {f-'t L- . 
PL 

(5.17) 

Thecharacteristic shear stress, 'te, is usually taken to be either the wall or interfacial shear 

stress or a combination of the two. Ambrosini et al., 1991 claims that the difference 

between 'tw and 'tj is negligible and thus the value of U~ is fairly insensitive to the particular 

combination of these used to define 'te. The film Reynolds number is defined as 

4 rrt:: 
Rel.F=~, 

ilL 
(5.18) 

where rLF is the mass flow rate of the liquid film (corrected for entrainment) per unit 

perimeter (Kosky, 1971). 

The simplest model, proposed by Kosky, 1971, assumes that the film is a smooth 

parallel flow. The film Reynolds number is then calculated as 

0+ 

ReeF = 4 J. u+ dy+ • (5.19) 

where the dimensionless velocity is 

(5.20) 

and the dimensionless distance from the wall is 

(5.21) 
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Using the accepted turbulent velocity profile for pipe flow, for y+ < 5, the velocity profile 

is 

u+ = y+ , (5.22) 

which leads to 

(5.23) 

For thicker films (y+ > 5), Kosky, 1971 used the PrandtI power law profile 

u+ = 8.74 [y+]ll7 , (5.24) 

which leads to 

c;:+ 7/8 
u = 0.0504 ReLF . (5.25) 

The two models match at ReLF = 1143. 

Kosky, 1971 was able to show that air-water vertical annular flow data available 

from several sources in the literature was in fair agreement with this model. An extension 

of this model was presented by Henstock and Hanratty, 1976. This model incorporates the 

van Driest eddy viscosity model into the velocity profile and uses a weighted average of the 

wall and interfacial shear stresses for the characteristic shear stress. The resulting film 

thickness model, valid over the entire range of ReLF, is 

(5.26) 

with the characteristic shear stress for use in (5.17) computed by 

'tc = t 'tj + ~ 'tw . (5.27) 
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Henstock and Hanratty, 1976 as well as Ambrosini et al., 1991, showed that this 

model was also in fairly good agreement with experimental measur~ments available in the 

literature. 

The liquid film Reynolds number, ReLF, used in these studies is based on the flow 

rate of liquid in the film, which is the difference between the input liquid flow rate and the 

volume of liquid entrained into the gas stream. Computing the Reynolds number in this 

way requires that the fraction of liquid entrained into the gas core be known. The 

difficulties associated with entrainment measurements or predictions severely limit the 

usefulness of models requiring this measurement. As mentioned previously, entrainment 

measurements could not be made in the present study and the Reynolds number based on 

the liquid film flow rate could not be computed. 

The entrainment studies of Fore, 1993 showed the rate of entrainment to be a strong 

function of Vas but a weak function of VLS for ReL > 7S0 and it is therefore reasonable to 

assume that the mean film thickness should vary with ReL (based on VLS) in approximately 

the same manner as with ReLF (based on the film flow rate). The validity of this 

assumption may be limited at the lower values of Vas where Figures S.36, S.37 and 5.38 

suggest that the rate of entrainment is a strong function of VLS. The film thickness was 

modeled with (S.lS), (S.16) and (S.17) using the Reynolds number based on the 

superficial liquid velocity rather than that based on the film flow rate. The characteristic 

shear stress was taken to be the wall shear stress since this was measured directly in the 

present study. 

The microgravity annular flow film thickness data, non-dimensionalized with the 

measured wall shear stress, are plotted against ReL in Figure S.39. The predictions from 

the Kosky model, (S.23) and (S.2S), and the Henstock and Hanratty Model, (S.26) are 

also shown. As shown, the models coincide at both high and low Reynolds number but 

180 



-00 -

+ 
..t:: 
vl 
Vl 
Q) 

J2 
0 

:a 
f-4 
E -..... (.L, 
Vl 
Vl 
Q) -c:: 
0 ..... 
Vl 
c:: 
Q) 

E ..... 
0 

2\ ! 

100 9 
8 
7 
6 
5 
4 

3 

2 

10 9 

~ 
6 
5 
4 

3 

2 

1 

~ 
~ 

'!' .......... u! ......... ,. ...... !"uu'"! .. , .. , .... , ... : .................... u ........ 1' ... n •. uu ..... : •••••• o-.... t ....... 1u .... ~ ..... !' ..... ! .... : ... c......... 6 ......... ···J· .. · .... 6 ••••• ·C ••••• ·1· .. • ......... : ••• • ......... ••• .... •••• ..... 4 •••• ••• ......... :·· ......... (0 ....... 4 .. ••• .. 4 ..... "' .... 3 ••• ·:··. 

·· .. ·+·--·········t···· .. • .. ··~········t·····+· .. ·i·· .. t-··t··+···························t······· .. ·······j···········t·······i······t·····t····l .. ··j··· ..... o. ............................. , ............... C ...... ~ ............. : ......................... eo'.. •••••••• ............. ....... •••••• .. ........ .. 

==.:=.=::=t:.~!=t=tttnt:~::= : ~:~::::~/GIYcerin 
··· .. ······ .... ············+··· .... ········f···········I·· .. ····f·····+····~ .. ··t·+··I·············.. A Air-Water/Zonyl FSP .......................... + ............. + ........ "" .... + ... + .. +++ .. !............... - - - - - Kosky Model 

iii iii i ; i Henstock Model 
i ~ i j~~~~i 
2 3 2 3 4 5 6 7 8 9 

100 
456789 

1000 
ReL 

104 

Figure 5.39 Comparison of Experimental Results and Film Thickness Models for Microgravity Annular Flow 



deviate from each other in the laminar-turbulent transition region. The air-water/glycerin 

data are in good agreement with both models at low ReL while the air-water data show fair 

agreement at high ReL. The air-waterlZonyl FSP data show poor agreement with the 

models at all ReL. The data show much scatter in the transition region. 

The results shown in Figure 5.39 indicate that the film thickness models of Kosky, 

1971 and l!eI!sto~k and Hanratty, 1976 are only moderately successful. The large 
---

discrepancy between the models and the low surface tension results may again indicate that 

entrainment increases as the surface tension decreases. Similar agreement between the 

models and 1 g annular data was reported in the original works. While these models have 

attempted a mechanistic approach to film thickness modeling, they still do not appear to 

capture all of the processes occurring in the flow. 

Unfortunately, the strictly empirical approach to film thickness modeling provides a 

more satisfactory near-term result. The best agreement was found using the functionality 

of (5.15) with the film thickness nondimensionalized with the wall shear stress calculated 

from the total pressure drop. This result serves as a design equation because only 

quantities which are easily measured or predicted are required. The results are shown in 

Figure 5.40 for microgravity annular flow. As shown, when the film thickness is non­

dimensionalized by the wall shear stress computed from the total pressure drop, the data 

from all three fluids nearly collapse into a single trend. As shown, the data are well fitted 

by 

h+ = 0.265 Ret695 . (5.28) 
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Chapter 6 Flow Pattern Transition Models 

6.1 Introduction 

Flow pattern maps were presented in Chapter 3 which showed the occurrence of the 

different patterns as a function of superficial velocities, liquid physical properties and tube 

diameter. Two transitional states, bubble-slug flow and slug-annular flow, were identified 

as having characteristics common to both adjacent patterns. These transitional states were 

studied in detail to determine possible mechanisms of transition from one pattern to the 

other. For both transitions, the void fraction was found to be a unique indicator of the flow 

pattern since experiments with different flow patterns were never found to have the same 

void fraction. Based on these findings, and the more detailed knowledge of the properties 

of these flow patterns developed in chapters 4 and 5, mechanistic flow pattern transition 

models can be developed. Such models would be useful in the design and operation of 

microgravity gas-liquid flow systems since the behavior of these systems is strongly 

dependent on the flow pattern. 

Another indicator of flow pattern, suggested recently by Zhao and Rezkallah, 1993, 

is the Weber number. Since this model also shows promise, it will be evaluated with the 

current flow pattern data and compared to void fraction based models. 

6 . 2 Void Fraction Based Bubble-Slug Transition Model 

A simple mechanism for the transition from bubble to slug flow assumes that the 

transition occurs when the bubble density is sufficient for the bubbles to encounter each 

other and coalesce due to surface tension (Dukler, et al. 1988). This mechanism implies 

that the transition should occur at a distinct value of void fraction. 
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The void fraction measurements shown in Figures 4.2, 4.3 and 4.4 indicate that the 

experiments identified as bubble-slug transition lie in a range of void fractions separating 

the bubble and slug flow experiments. As shown, each flow pattern occupies a distinct 

range of void fractions with little overlap. The slight overlap between flow patterns is 

probably a result of the subjective nature of flow pattern identification. For the 12.7 mm 

ID test section experiments, the range of void fractions occupied by the bubble-slug 

experiments is shown in Table 6.1. As noted previously, reliable void fraction data were 

not obtained for the 25.4 mm ID test section experiments. 

Table 6.1 

Range of Void Fraction for the Microgravity Bubble-Slug 

Transition Experiments in a 12.7 rom ID Tube 

Air-Water 

Air-Water/Glycerin 

Air-WaterfZonyl FSP 

Range of 

Void Fraction 

0.31-0.49 

0.30 - 0.43 

0.38 - 0.53 

Center Point 

of Range 

0.40 

0.36 

0.46 

The maximum packing density of the bubbles imposes a limitation on the maximum 

void fraction which can exist before the bubble must touch and coalesce. For spherical 

bubbles packed into a cylinder, a maximum void fraction of 0.52, independent of bubble 

diameter, can be achieved. The maximum value of 0.53 reported for air-waterlZonyl FSP 

in Table 6.1 is consistent with this limit within the error of the void fraction measurement. 

While a void fraction of 0.52 represents the upper limit for stationary spherical bubbles 
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packed into a tube. distortion of the bubble shape and radial bubble motion in the tube due 

to turbulence cause bubbles to contact each other at lower values of void fraction. This is 

demonstrated in Figures 4.2 and 4.3 for air-water and air-water/glycerin where slug flow 

clearly exists at void fraction values less than 0.52.-

To develop a void fraction based bubble-slug transition model. the Drift-Flux model 

development presented in Chapter 4 will be utilized since this model was shown to be valid 

for microgravity bubble and slug flows. By substituting (4.3) into (4.7) and solving for 

ULS. the following relation. valid for bubble and slug flow. is obtained, 

U - (1 - Co<a» U 
LS - Co <a> GS . (6.1) 

To ~tilize (6.1) as a transition model. a transition void fraction value is required. 

Since the transition experiments occupied a range of void fractions rather than a single 

value, the center point of this range was chosen as the transition void fraction, as shown in 

Table 6.1. The value of Co was taken to be 1.21 for both air-water and air-waterlZonyl 

FSP as determined from the velocity measurements in Chapter 4. The value of Co 

determined in this manner for air-water/glycerin (Co = 1.48) yields poor agreement 

between the transition model and the flow pattern experimental results and was not used. 

Instead, a value of Co = 1.21 was also used for this system because this yields a reasonable 

result. Substituting the transition void fraction into (6.1) leads to microgravity bubble-slug 

transition models (6.2), (6.3) and (6.4) for air-water, air-water/glycerin and air­

waterlZonyl FSP, respectively. each in a 12.7 mm ID tube. 

U LS = 1.07 UGS • 

U LS = 1.30 UGS • 

ULS = 0.80 UGS . 
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The locus of points satisfying each transition model is superimposed onto the 

appropriate flow pattern map in Figures 6.1, 6.2 and 6.3 for air-water, air-water/glycerin 

and air-waterlZonyl FSP, respectively. This locus is a line of constant void fraction on the 

flow pattern maps. In all three cases, the model separates the bubble and slug flow points 

across the entire parameter space. Both the models (6.2) and (6.3) as well as the 

experimental results, Figures 6.1 and 6.2, indicate that there is only a small effect of the 

liquid viscosity on the location of the bubble-slug transition. A similar comparison 

between (6.2) and (6.4) as well as Figures 6.1 and 6.3 shows that reduced surface tension 

leads to a small shift in the location of the bubble-slug transition to higher values of void 

fraction. The upper boundary on the void fraction range reported in Table 6.1 for air­

water/Zonyl FSP experiments was even slightly larger than the limit imposed by the 

maximum packing density. This shift in transition void fraction may be the result of a less 

efficient coalescence mechanism since the distribution of voids, as indicated by the value of 

Co, is identical for both fluid systems. 

The air-water results in this study compare favorably with the results of Dukler, et 

aI., 1988 using similar apparatus. In that work, a transition void fraction of 0.45 was 

determined to give a reasonable fit. The data available in the Dukler, et aI., 1988 study 

were sparser and thus the results of the present study can be considered to be a refinement 

of the previous results. 

The lack of reliable void fraction data from the 25.4 mm ID test s~ction experiments 

makes incorporating the tube diameter effect into the transition model difficult. The flow 

pattern maps in Figures 3.17, 3.18 and 3.19 for the 25.4 mm ID tube show that an increase 

in tube diameter leads to a decrease in the transition void fraction in the case of air-water. 

The effect of tube diameter on the air-water/glycerin and air-water/Zonyl FSP results 

appears to be small. 
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The transition void fraction for the 25.4 mm ID tube results can be estimated for 

each transition experiment by solving (6.1) for <cx>. Since the distribution coefficient 

based on experimental measurements was also unavailable for the 25.4 mm ID test section 

experiments, a value of 1.21 was again used. This choice is supported by the work of 

Colin, 1990 in which a distribution coefficient of 1.2 was reported for microgravity air­

water bubble and slug flows in a 40 mm ID tube, suggesting that the distribution coefficient 

is independent of diameter, at least for air-water. The transition void fraction was 

computed for each bubble-slug transition experiment and the results were averaged for each 

fluid system. This results in estimated transition void fractions of 0.23, 0.40 and 0.40 for 

air-water, air-water/glycerin and air-waterlZonyl FSP, respectively. If these transition void 

fraction values are substituted into (4.1), the following rnicrogravity bubble-slug transition 

models result for air-water, air-water/glycerin and air-waterlZonyl FSP, respectively, 

ULS = 2.58 UGS , (6.5) 

ULS = 1.08 UGS , (6.6) 

ULS = 1.07 UGS . (6.7) 

The locus of points satisfying each transition model is superimposed onto the 

appropriate flow pattern map in Figures 6.4, 6.5 and 6.6 for air-water, air-water/glycerin 

and air-waterlZonyl FSP, respectively. As shown, the models separate the bubble and slug 

experiments across the entire parameter space. While these models appear to be reasonably 

successful, it should be remembered that these are empirical fits because the values of the 

distribution coefficient and transition void fraction could not be determined from 

experimental measurements. 

As was noted previously, the largest diameter effect on the location of the 

transitions occurs with the air-water system. This shift is also present in the flow pattern 

map presented by Colin, 1990 for microgravity air-water bubble and slug flow in a 40 mm 
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ID tube. The air-water bubble-slug transition model (4.5) for the 25.4 mm ID tube is in 

good agreement with the Colin, 1990 results shown in Figure 3.4. 

The air-water/Zonyl FSP results show a smaller shift with the change in tube 

diameter in the same direction as the shift in the air-water results while the air­

water/glycerin transition is slightly shifted towards higher void fraction. The significance 

of these smaller shifts is questionable considering the method by which the transition 

models were developed for the 25.4 mm ID tube. It should be noted that the transition 

models developed for air-water/glycerin and air-waterlZonyl FSP in a 12.7 mm ID tube 

would also provide a reasonable result for the 25.4 mm ID tube experiments with these two 

fluid systems. 

To explain the observed effects of tube diameter on the bubble-slug transition 

results, the movie films were examined to look for differences in the bubble-slug transition 

experiments in both tube diameters. The most apparent qualitative difference occurred in 

the air-water system where the bubbles in the larger tube were clearly affected by 

turbulence. The interfaces of both the spherical and Taylor bubbles in the transition 

experiments in the 25.4 mm ID tube were in a continuous state of fluctuation while those in 

the 12.7 mm ID tube appeared to be more stable. The air-waterlZonyl FSP transitional 

experiments in the 25.4 mm ID tube also appeared to have significant turbulent effects 

while the air-water/glycerin experiments showed less fluctuation. The observed bubble 

oscillations in the larger tube give the bubbles a larger effective diameter and this increases 

the probability of contacting other nearby bubbles. The result would be a transition to slug 

flow at a lower void fraction as is observed in the air-water results. This effect would be 

partially offset by decreased surface tension which should reduce the probability of 

coalescence once the bubbles contact each other. As noted previously. the shift to lower 

void fraction was much less for the low surface tension fluid system. 
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To examine the possible effect of turbulence on the transition, the locus of points 

corresponding to ReTP = 2000, where RCTP is defined by (4.15), was also superimposed 

on the bubble and slug flow regions of Figures 6.1-6.6. As shown, nearly the entire 

parameter space in the air-water and air-waterlZonyl FSP maps for both tube diameters lies 

in the turbulent region. The 12.7 mm ID tube map for air-water/glycerin, Figure 6.2, 

shows that nearly the entire parameter space lies in the laminar region, while Figure 6.5 

shows that most of the parameter space lies in the laminar or laminar-turbulent transition 

region for air-water/glycerin in the 25.4 mm ID tube. These results would suggest that 

turbulence is at least partially responsible for the shift in transition void fraction for the air­

water system. This analysis also shows that turbulence should have a much smaller effect 

on the air-water/glycerin system, which is in agreement with the flow pattern mapping 

results shown. 

In evaluating the usefulness of the void matching bubble-slug transition model, it 

should be remembered that the experimental results show the transition between the two 

flow patterns to be a fairly wide zone rather than a distinct line. The proposed model lies 

within this zone but does not demarcate either edge. Thus this model is useful ror general 

design and operations purposes if it is realized that the transitional flow pattern will exist on 

both sides of the model prediction. 

6 . 3 Void Fraction Based Slug-Annular Transition Model 

As mentioned in chapter 3, photographic evidence suggests that the transition from 

slug and annular flow occurs when the length of the liquid slugs decreases to the point 

where the slugs rupture, resulting in a continuous gas core. Alternatively, the transition 

from annular to slug flow appears to occur when the amplitude of the waves increases to 

the point where the waves bridge the tube, forming a liquid slug. Photographic sequences 
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demonstrating these phenomena are shown in Appendix A, Figures A.II, A.I2 and A.I3. 

The decrease in the thickness of the liquid slugs near transition can be associated with an 

increase in the void fraction. Similarly, as the void fraction of annular flow decreases, the 

wave amplitude increases, leading to the transition to slug flow. The void fraction 

therefore appears to be a potential indicator which could be used to model the transition 

from slug to annular flow. 

Modeling the transition from bubble to slug flow was relatively simple because both 

flow patterns have a continuous liquid phase and a discrete gas phase and both could be 

described by the same Drift-Flux model. The modeling of the slug to annular transition is 

more complex because a transition from a continuous liquid phase (slug flow) to a 

continuous gas phase (annular flow) is required. No mechanistic model similar to the 

Drift-Flux model is currently in existence which adequately describes both slug and annular 

flow. Thus the region where the Drift-Flux model for slug flow and a force balance for 

annular flow predict the same void fraction will be determined and checked against the 

experimental flow pattern maps to determine if this approach provides a reasonable 

transition model. This approach was first suggested for microgravity two-phase flows by 

Dukler et al., 1988 but has been subsequently refined in this study. 

To determine a mechanistic model of the void fraction of microgravity annular 

flows, two force balances can be written on an idealized system consisting of a smooth 

liquid film of mean thickness Ii surrounding a continuous gas core. This system is shown 

schematically in Figure 6.7. The greatly enhanced pressure drop due to the presence of 

waves and entrained droplets which would not be present in the idealized system of Figure 

6.7 will be reincorporated in the model by using the results of the experimental 

measurements. 
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A force balance on the control volume bounded by the tube walls and planes 

perpendicular to the flow leads to 

(6.8) 

A similar force balance on the liquid film leads to 

(6.9) 

This requires the conversion between film thickness and void fraction, which is given by 

<a> =[ 1 -fY . (6.10) 

Since these two conditions must be satisfied simultaneously, (6.8) can be substituted into 

(6.9) to yield 

(6.11 ) 

The shear stresses in (6.11) can be expressed in tenns of friction factors defined by 

and 

Substituting these definitions into (6.11) yields 

<a>5/2 = .!i PG [~}2 . 
(1 - <a»2 fw PL ULS 

(6.12) 

(6.13) 

(6.14) 

The pressure drop measurements shown in Figures 5.25, 5.26 and 5.27 for 

microgravity annular flow in a 12.7 mm ID tube suggest that for thin liquid films, it is 

reasonable to assume that the interfacial friction factor can be expressed in tenns of an 
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enhancement of the single phase friction factor. The interfacial friction factor results also 

suggest that this enhancement factor should be a function only of the void fraction when the 

liquid films are thin. This leads to the assumed relation for the interfacial friction factor, 

(6.15) 

where fo is the friction factor of the gas flowing alone in a tube of diameter D-2h. The 

validity and limits of this expression will be explored in more detail when the transition 

model is implemented. Substituting (6.15) into (6.14) yields 

(6.16) 

Suitable expressions for the gas and liquid single-phase friction factors can be 

obtained from the Blasius relation, 

(6.17) 

where C = 0.046, n = 0.2 for turbulent flow and C = 16, n = 1 for laminar flow. The 

appropriate Reynolds numbers for use in (6.17) are 

and 

Reo = DUos Po 
J.lG <a> 1/2 

Ret. = D ULS PL 
J.lL 

(6.18) 

(6.19) 

It can be seen that the model will be different depending on whether the liquid is 

laminar or turbulent. For turbulent gas and liquid flow, substituting (6.18) and (6.19) with 

the appropriate Blasius constants into (6.16) leads to the turbulent annular flow relation, 

U 
- U (l-<a» «I>«a» . 

[ 

2 ]1/1.8 
LS - os , 

<a>2.4 B 
(6.20) 
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where 

(6.21) 

The value of B is 481.5 for the air-water and air-waterlZonyl FSP systems and 759.8 for 

the air-water/glycerin system. 

For turbulent gas flow and laminar liquid flow, substitution of (6.18) and (6.19) 

with the appropriate Blasius constants into (6.16) results in the laminar annular flow 

relation, 

(6.22) 

Void fraction models for rnicrogravity annular flow have now been developed. 

These can be equated to the Drift-Flux relation for slug flow, 

Vos -C 
V V 

- 0 <0.>, 
os+ LS 

(6.23) 

to detennine the conditions under which the void fraction predicted for each flow pattern is 

equal. 

Equating the slug flow void fraction model (6.23) with the turbulent annular void 

fraction model (6.20) leads to the turbulent void matching slug-annular transition model, 

1 [(1 -<0.»2 <1>( <a> )]5/9 
<a> = -L - <0.> 

Co <a>2.4 B 
(6.24) 

The model was displayed in this form because the equation is implicit in <0.> and 

can be solved numerically by successive substitution. An important result of (6.24) is that 

if Co is a constant and <I> is only a function of <a>, then this model predicts that the 

transition will lie along a line of constant void fraction. Furthermore, the experimental flow 

pattern results show that the void fraction of the transition runs is approximately 0.75 
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which is near the value of IICo' Combining this knowledge with the form of (6.24) shows 

that the transition void fraction is equal to the sum of a constant (l/Co) and a presumably 

small correction factor. Since all components of the second term on the right side of (6.24) 

are uniformly positive, the transition void fraction predicted by this model cannot exceed 

the value of IICo' 

Equating the slug flow void fraction model (6.23) with the laminar annular void 

fraction model (6.22) leads to the laminar void matching slug-annular transition model, 

UGS [1 - Co <a:>] = 0.00288 DO.8 V&2 PG ub~ cp«a:» (1 - <CX»2 

CO <a.> J.LL <0.>2.4 
(6.25) 

The functionality of this relation shows that the laminar void fraction matching 

transition does not fall along a line of constant void fraction but is instead also a function of 

the superficial gas velocity, liquid and gas physical properties and the tube diameter. For a 

given value of <a:>, (6.25) is solved explicitly for UGs. The corresponding value of ULS 

for the transition is then computed from (6.23). The result is a locus of points on the flow 

pattern maps in which the void fraction predictions from (6.22) and (6.23) are equal. The 

values of UGS and ULS predicted by the laminar and turbulent models are equal at a void 

fraction equal to that predicted by (6.24). The relation (6.25) is undefined when <a.> = 
IICo and thus the laminar relation (6.25) will be valid only in the narrow range between the 

turbulent transitional void fraction and liCe. 

The remaining step prior to implementing the transition models is to determine a 

suitable expression for the friction factor enhancement function cpo An examination of 

Figures 5.25, 5.26 and 5.27 shows that the interfacial friction factor is in fairly good 

agreement with the Wallis model up to a dimensionless film thickness of about 0.05, 

corresponding to a void fraction of 0.81. The agreement is worse for higher values of U LS 

and for the air-waterlZonyl system. For void fractions less than 0.81, the experimental 
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measurements deviate significantly from the Wallis model predictions. For Co :c: 1.21, the 

maximum transition void fraction which could be predicted by either the laminar or 

turbulent transition models would be 0.826 which is at the limit of validity for the Wallis 

model. The fact that the Wallis model, determined from annular flow measurements, 

begins to fail near the region associated with a transition to slug flow is probably not 

coincidental and may in fact be another indicator of the transition region. 

For lack of a better relation, the Wallis model will be used to determine <\>«a», 

<\>«a» = 1 + 150 (1 - a 1l2) . (6.26) 

As indicated by Figures 5.25, 5.26 and 5.27, as the value of <a> approaches 0.8, the 

Wallis model will tend to underpredict the interfacial friction factor. As shown by the 

turbulent transition model, underprediction of <\>( <a» will lead to overprediction of the 

transition void fraction, causing the model prediction to lie to the right of the actual 

transition on the flow pattern maps. This error will increase with increasing ULS as 

mentioned previously. For the laminar transition model, void fraction values up to I/Co are 

valid but the highest values of <a> correspond with the lowest values of ULS along this 

transition and a partial cancellation of errors is possible. 

The turbulent transition model (6.24) was solved numerically with Co = 1.21. 

Convergence to a single value of void fraction was achieved in less than 20 iterations for 

any initial value in the range 0.5 < a < l/Co. The solution appears to be unique within the 

realistic range of void fraction values because no other solutions could be found. The 

turbulent transition void fraction predicted by the model was 0.798 for air-water and air­

waterlZonyl FSP and 0.806 for air-water/glycerin. Within the accuracy of the model 

inputs, the model predicts a transition void fraction of 0.8 for all systems tested in this 

study. As mentioned in the previous section, the value of Co = 1.48 determined 
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experimentally for the air-water/glycerin system, yielded results which are in poor 

agreement with the experimental results and this value was not used. 

Once the turbulent transition void fraction was determined, the locus of points 

satisfying the laminar model was also determined for each fluid system and both tube 

diameters. The laminar and turbulent model results are superimposed on the microgravity 

flow pattern maps in Figures 6.8 - 6.13. The lower curve is the laminar model result while 

the upper curve is the line of constant void fraction predicted by the turbulent model. As 

shown, the two models coincide at only one point, representing the laminar-turbulent 

transition. At this point, the Reynolds numbers for the liquid as computed from (6.19) are 
-- -

1204 and 1381 for air-water and air-waterlZonyl FSP in the 12.7 mm and 25.4 mm ID 

tubes, respectively, which are close to the accepted transition value of 1200 for liquid films 

(Wasden, 1989). For the air-water/glycerin system at the transition point, the liquid 
--- -

Reynolds numbers are 890 and 1024 in the 12.7 mm and 25.4 mm ID tubes, respectively. 

The gas Reynolds numbers at the transition point as computed from (6.18) are 1673 and 

1921 for air-water and air-water/Zonyl FSP in the 12.7 mm and 25.4 mm ID tubes, 

respectively, which are close to the expected value of 2000. For the air-water/glycerin 

system at the transition point, the gas Reynolds numbers are 1376 and 1597 in the 12.7 

mm and 25.4 mm ID tubes, respectively, which are lower than expected. As anticipated, 

the majority of the parameter space for the air-water and air-waterlZonyl FSP flow pattern 

maps lies in the turbulent regime while the parameter space in the air-water/glycerin map 

lies in both the laminar and turbulent regimes. 

As shown, in all cases, the turbulent transition model predictions for «1> = 0.8 lie 

to the right of the boundary between the slug-annular and annular flow experiments as 

anticipated. The laminar model prediction for the air-water and air-waterlZonyl FSP 

systems separates the slug-annular and annular experiments while the laminar prediction for 

the air-water/glycerin system lies in the annular flow parameter space on the maps. The 
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shape of the model predictions appears to be qualitatively similar to the shape of the 

boundary between the slug-annular and annular flow experiments. 

One of the difficulties in using the void fraction to model the slug-annular transition 

is the sensitivity of the results to the transition void fraction value. In this region of the 

flow pattern map, small changes in the void fraction correspond to large changes in UGs. 

As an example, for ULS = 0.5 mis, a void fraction of 0.75 occurs at UGS = 9.0 mls while a 

void fraction of 0.8 occurs at UGS = 15.1 mls. Thus small changes in the transition void 

fraction result in large changes in the predicted superficial velocities at the transition. 

In order to produce better agreement between the transition model predictions and 

the experimental results, the transition void fraction was decreased. As shown in Figures 

6.8, 6.10, 6.11 and 6.13 for air-water and air-waterlZonyl FSP in both tube diameters 

tested, a turbulent transition void fraction of 0.75 produces a better separation between the 

slug-annular and annular data points than did the void fraction of 0.8. This adjustment still 

produces discrepancies at high ULS. This discrepancy could be caused by the problems 

encountered with flow pattern identification in this region of the maps or could indicate that 

the transition does not fall along a line of constant void fraction at high ULS. Despite these 

problems, a transition criteria of <0.> = 0.75 does appear to provide a simple estimate of 

the location of the boundary between slug-annular and annular flows for both tube 

diameters and for high and low surface tension liquids. 

Similarly, it was found that a transition void fraction of 0.7 produces better 

separation between the slug-annular and annular flows for the air-water/glycerin results in 

Figures 6.9 and 6.12. Again the poorest agreement occurs at high ULS for the 12.7 mm ID 

tube results but the accuracy of the flow pattern identification of the experiments in that 

region is questionable. 
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The void fraction matching model for the slug-annular transition suffers from a lack 

of an accurate pressure drop model in the transition region and from the sensitivity of the 

results to small changes in the predicted void fraction. While the model predictions were 

disappointing, they do suggest that the void fraction is a reasonable transition criteria, even 

if the best value for the transition void fraction was determined empirically. The transition 

criteria presented in this section do provide sufficient accuracy to permit operation of two­

phase annular systems in the purely annular region of the flow pattern map. 

6.4 Weber Number Based Flow Pattern Transition Model 

Zhao and Rezkallah, 1993, proposed an alternate flow pattern map and transition 

criteria for microgravity two-phase flows based on the Weber numbers for gas and liquid. 

The data in the present study were evaluated in terms of the Weber numbers and the 

approach appears to have some merit. 

Based on photographic image analysis of microgravity air-water two-phase flow 

experiments, the Zhao and Rezkallah, 1993, suggest that the flow patterns observed in 

micro gravity are controlled primarily by surface tension and inertial forces. The authors 

suggest that the bubble and slug flow patterns occur under conditions where the surface 

tension forces dominate while annular flow occurs under conditions where inertial forces 

are controlling. The slug-annular transition region represents a condition where both 

surface tension and inertial forces are important. 

The Weber number, defined as 

pU2 D 
We=..:.....--­

cr 
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is the ratio of inertial forces to surface tension forces and is therefore the logical group with 

which to test the proposed mechanism. Zhao and Rezkallah, 1993, defined the superficial 

Weber numbers for the gas and liquid phases by 

and 

W PoV6sD ens = ;,.....,:..--......:=-­
(j 

Wf!LS = PL vls D 
(j 

(6.28) 

(6.29) 

Flow pattern maps were constructed by plotting Weos vs WeLS. Based on their 

flow pattern maps, the authors proposed that the boundary between the slug and slug­

annular flow patterns was given by 

Weos= 1 , (6.30) 

while the boundary between the slug-annular and annular flow pattern was given by 

Weos =20. (6.31) 

The data presented by Zhao and Rezkallah, 1993 show these transition criteria to be 

approximately true although there are discrepancies. The concept of a constant Weber 

number transition criteria is consistent with the force controlled regions of the flow pattern 

map described previously. 

In order to test the Weber number criteria with the present data, Weber number flow 

pattern maps are constructed for air-water, air-water/glycerin and air-waterlZonyl FSP in 

both tube diameters as shown in Figures 6.14 - 6.19. The observation put forth by Zhao 

and Rezkallah, 1993 that the transitions occur at constant Weos is apprOXimately true for 

low values of WeLS but deviates from this at higher WeLS. A similar trend can be seen in 
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the Weber number flow pattern maps presented by Zhao and Rezkallah, 1993, although the 

deviation from constant Weber number transitions is less than that of the present study. 

The Weber number flow pattern maps shown in Figures 6.14-6.19 do not support 

the constant Weber number transition criteria over the entire parameter space. However, 

the flow patterns do fall into distinct zones on the flow pattern maps and the boundaries are 

qualitatively similar to those on the velocity based flow pattern maps. This similarity 

occurs because the Weber numbers defined by (6.28) and (6.29) are computed from the 

squares of the superficial velocities. Since a direct relation between the void fraction and 

superficial velocities in bubble and slug flows was demonstrated previously, the similarity 

between void fraction based transition criteria and Weber number based criteria is expected. 

Transition models based on empirical fits of the transition boundaries in the figures 

would be easy to implement because the Weber numbers are easily calculated, but similar 

relations could be calculated in terms of superficial velocities as well. The advantages of 

Weber number based flow pattern maps will only be realized if a mechanistic criteria can be 

determined which is simpler to implement than the complex void fraction based slug­

annular transition model presented previously. To accomplish this, further work into the 

balance between the inertial and surface tension forces, as well as any other forces affecting 

the flow patterns, is required. 
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Chapter 7 Summary, Conclusions and Recommendations 

7 . 1 Summary of Research 

The preceding text described a study of the flow patterns and properties of two­

phase gas-liquid flows in microgravity. The previous work in this area has been limited 

primarily to photographic flow pattern identification and pressure drop, so an experimental 

system was developed which allowed for the reliable high-speed measurement of void 

fraction, liquid film thickness, propagation velocity, pressure drop and wall shear stress in 

addition to flow pattern identification by both photographic and electronic methods. These 

measurements provided the detailed knowledge needed to better understand the processes 

occurring in two-phase flows. 

The physical properties of the fluids were known to affect the behavior of two­

phase flows so three fluid systems were utilized in this study which allowed the effects of 

liquid viscosity and the gas-liquid surface tension to be characterized. The characterization 

of the effect of tube diameter was also attempted but this was limited to flow pattern 

identification in two tube sizes due to limited resources. 

The initial experimental studies established the microgravity flow pattern maps for 

each fluid system and each tube diameter, showing the occurrence of the flow patterns 

identified in microgravity as a function of gas and liquid superficial velocities. Many of 

these early experimental studies led to the refinements of the measurement systems needed 

for more detailed measurements. The next stage of experimentation focused on obtaining 

measurements of void fraction, film thickness, pressure drop and propagation velocity 

across the gas-liquid superficial velocity parameter space. Finally, because annular flow is 

the most prevalent flow pattern in industrial applications, a set of experiments was focused 
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specifically on annular flow to obtain some of the infonnation needed for modeling and 

design correlations. 

Throughout the analysis of the experimental results, the commonly used 1 g two­

phase flow models for quantities such as void fraction and pressure drop were evaluated to 

gauge their suitability for microgravity two-phase flow. In addition, mechanistic models of 

tile ~c~ogra'Vity!lowpa~~~~!:~~~~~Ilsw~~~~~vel<l~~_~~E~~~~d ~~ed on the findings 

made during this study. Finally, the analysis of the measurements and observations made 

during this study were used to gain a more detailed understanding of the processes 

occurring in microgravity two-phase flows and to suggest future work in this area. 

7.2 Conclusions 

A number of conclusions can be made from the results presented in this study: 

1 . The proper design and operation of multiphase flow measurement equipment in the 

microgravity aircraft environment requires special attention to details which are often 

insignificant in earth-based experiments. The effects of vibration, residual acceleration 

components in all directions, electromagnetic noise, ground loops, atmospheric pressure 

changes, flow development length and ease of operation in the short-duration microgravity 

environment must be carefully considered if the experiments are to succeed. 

2. Three flow patterns (bubble flow, slug flow and annular flow) have been observed in 

microgravity. In addition, transitional states between bubble and slug flow and slug and 

annular flow have been observed. These flow patterns occur in distinct regions of the gas 

and liquid superficial velocity parameter space. 

3. The effects of liquid viscosity on the flow pattern maps are small. The reduction in 

surface tension between the gas and the liquid shifts the transition from bubble to slug flow 
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to higher void fraction values but produces no change in the transition from slug to annular 

flow. Doubling the tube diameter shifts the transition from bubble to slug flow to lower 

values of void fraction for the air-water system only but otherwise has little effect on the 

flow pattern maps. 

4. The void fraction and bubble propagation velocity in microgravity bubble and slug 

flows can be effectively modeled with the Drift-Flux model. A distribution coefficient of 

1.21 has been determined from experimental measurements for low viscosity (1 cP) 

systems and is independent of surface tension. For the higher viscosity liquid (6 cP) 

system tested in this study, a distribution coefficient of 1.48 has been determined from 

experimental measurements. 

5. Two-phase friction factors measured in this study for micro gravity bubble and slug 

flows are not well predicted from the homogeneous friction factor model. This result may 

be due to the proximity of the laminar-turbulent transition for most of the experimental 

conditions and to insufficient test section length resulting in very small pressure gradients 

across the test section. 

6. The liquid film in micro gravity annular flow is axisymmetric in the mean but locally 

rough and irregular. Waves on the annular film are irregular and ring-like. The shape of 

the waves is in a state of continuous change. 

7 . An increase in the liquid viscosity causes an increase in the mean film thickness and 

wave amplitude at the same gas and liquid flow conditions. A decrease in the surface 

tension causes a decrease in the mean film thickness and wave amplitude at the same flow 

conditions. The ratio of wave amplitude to film substrate thickness is essentially 

independent of liquid viscosity and surface tension. 
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8. Increasing gas superficial velocity and decreasing liquid superficial velocity cause the 

mean film thickness and the wave amplitude to decrease. As the superficial gas velocity 

increases, the ratio of wave amplitude to film substrate thickness decreases linearly and is 

essentially independent of the liquid superficial velocity. An increase in the superficial gas 

velocity increases both the wave velocity and frequency. 

9. The mechanistic film thickness models developed by Kosky, 1971 and Henstock and 

. Hanratty, 1976 are in fair agreement with the experimental results for microgravity annular 

flow. The normalized film thickness correlates well with the liquid Reynolds number. 

10. The microgravity annular flow pressure drop increases with increasing gas or liquid 

superficial velocity and is much greater than that of the gas flowing alone in the tube. An 

increase in the liquid viscosity significantly increases the annular flow pressure drop. 

Large changes in the surface tension did not cause a change in the annular flow pressure 

drop. 

11. The Lockhart-Martinelli-Chisholm separated flow model for annular flow pressure 

drop predicts the annular flow pressure drop in microgravity with about the same accuracy 

as in the normal gravity environment (±20%). The Wallis interfacial friction factor 

pressure drop model is accurate for microgravity annular flows when the void fraction is 

greater than 0.8. For void fractions less than 0.8, the Wallis model significantly 

underpredicts the interfacial friction factor. 

12. The wall shear stress profile in microgravity annular flows closely tracks the shape of 

the gas-liquid interface. The peak values of wall shear stress coincide with the peaks of the 

waves. 

13. Force balances on microgravity annular flows suggest that droplet entrainment may 

cause a large fraction of the increased pressure drop in annular flow as compared to single-
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phase gas flow. The force balances suggest that entrainment is significantly reduced as the 

liquid viscosity or surface tension are increased. 

14. The bubble-slug flow pattern transition appears to fall along a line of constant void 

fraction. The transition void fraction is in the range of 0.35 - 0.45 for all fluid systems and 

tube diameters tested except for the air-water system in a 25.4 mm ID tube where a 

transition void fraction of 0.23 is reported. 

15. A void fraction matching criteria for modeling the slug-annular flow pattern transition 

predicts that the transition falls along a line of constant void fraction of 0.8 when both the 

liquid and gas phases in annular flow are turbulent. This model predicts that the transition 

does not fall along a line of constant void fraction when the gas is turbulent and the liquid is 

laminar. The predicted transition void fraction of 0.8 does not provide good separation 

between the turbulent slug and annular flows on the flow pattern maps but a transition void 

fraction of 0.75 for low viscosity (1 cP) liquids and 0.7 for high viscosity (6 cP) liquids 

does provide an reasonable prediction of the transition on the flow pattern map. 

16. Weber number flow pattern transition models in their current form do not provide a 

more accurate prediction of the transitions than can be predicted from the void fraction 

based models. The Weber number models are simpler to use. 
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7 • 3 Recommendations for Future Work 

Based on the results and conclusions of this study as well as the needs of those 

designing and operation microgravity two-phase flow systems, the following suggestions 

for future research can be made: 

1. Because of limited resources, many of the detailed measurements presented for 

microgravity two-phase flow in a 12.7 mm ID tube were not made for the 25.4 mm ID 

tube. While the diameter effect on the flow pattern maps was assessed in this study, the 

effect of diameter on other quantities of interest such as film thickness, pressure drop, 
"""=--..0-- '" --- ------ --- ------ ----

velocities and wall shear stress was not quantified. A study to determine these effects 

should be performed while the facilities for this work stilI exist. 

2. The pressure drop measurements for bubble and slug flows need to be repeated using 

a longer test section. The current experimental apparatus provide signals which were too 

small to be accurately measured. More accurate and reproducible measurements would lead 

to the development of a suitable pressure drop model for microgravity bubble and slug 

flows. 

3. The force balance results of this study suggest that droplet entrainment and deposition 

may playa significant role in many of the processes occurring in microgravity annular 

flow. Thus measurements of the entrainment rate are an essential element in developing a 

more mechanistic understanding of microgravity annular flows. Such measurements will 

be difficult and longer duration space flight experiments will probably be required to 

achieve them. 

4. The effort to improve the accuracy of slug-annular flow pattern transition models 

should continue. A better understanding of the details of the mechanism of transition will 

likely be required. 
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5. The microgravity two-phase flow investigation of Reinarts, 1993 as well as others, 

using Freon refrigerants shows that large changes occur in the flow pattern maps with large 

changes in the density of the fluids and other physical property changes. While the air­

water system and similar systems have been investigated thoroughly in the present study 

and others, a similar level of understanding for fluid systems of industrial interest such as 

steam-water, ammonia and Freon refrigerants would provide a more complete foundation 

for the design and operation of practical microgravity two-phase flow systems. 

6. The correlations for design and operation of two-phase flow systems in microgravity 

which are beginning to emerge are valid only for a straight, smooth tube. Actual flow 

systems frequently contain many bends, reductions, expansions valves and tees which 

could be expected to significantly effect the performance of the two-phase system. There is 

at present no work in the literature characterizing the effects of such components in a 

micro gravity system. 

7. The results of this study suggest that the waves on the annular film are responsible 

for many of the observed phenomena such as the large increases in pressure drop and wall 

shear stress. The detailed processes occurring in and around these waves will probably 

only be understood through a combined effort of gas and liquid flow field simulations and 

experimental measurements. Previous work in two-phase flow phenomena has been 

confined almost exclusively to experimental investigations but theoretical advances and 

simulations will likely be required before two-phase flow phenomena can be advanced to 

the next level of understanding. 

8. The effects of entrance conditions on the microgravity two-phase flow phenomena 

observed in this study are not well understood. The effects of flow conditions and 

equipment configurations on the formation and growth of Taylor bubbles, liquid slugs and 

annular waves should be investigated. 
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9. Many space flight systems which work well on earth fail to perfonn as expected upon 

reaching the microgravity environment. With the current understanding of two-phase flow 

phenomena, such failures can be expected (and have already occurred) with two-phase 

flow systems as well. For these systems to become practical, future work must seek to 

define when micro gravity flow systems will behave as they do on earth and when they will 

not. Similarly, earth-based two-phase flow models must be verified or modified for the 

rnicrogravity environment prior to being implemented for design. 
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Notation 

A Cross-sectional tube area, m2 

AE Net momentum loss due to droplet entrainment and deposition, Palm 

B Physical property grouping for void fraction transition models, dimensionless 

C Blasius correlation constant or Chisholm model constant, dimensionless 

Co Distribution coefficient, dimensionless 

D Tube diameter, m 

E Expectation value of a stationary process 

f Fanning friction factor, dimensionless 

F Any local quantity 

Fr Froude number, dimensionless 

g Acceleration of gravity, m1s2 

h Liquid film thickness, mm 

ID Inside diameter of tube, mm 

L Length, m 

m Constant in distribution coefficient model, dimensionless 

n Constant in distribution coefficient model, dimensionless 

N Prandtl or Schmidt number, dimensionless 

P Pressure, Pa 

r Radial direction in cylindrical coordinates 

R Correlation coefficient for linear curve fit, dimensionless 

R Tube radius, mm 

R 12 Cross correlation between processes 1 and 2, dimensionless 

Re Reynolds number, dimensionless 

t Time, s 

u Velocity in axial direction, m1s 
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U Velocity, m1s 

U 0 Bubble rise velocity in vertical flows, m1s 

U* Friction velocity, m1s 

V Voltage, volts 

We Weber number, dimensionless 

x Axial direction in Cartesian coordinates and nose to tail direction on the aircraft 

X Stationary process 

X 2 Lockhart-Martinelli model parameter, dimensionless 

y Wing-tip to wing-tip direction on the aircraft 

z Floor to ceiling direction on the aircraft 

a Void fraction, the ratio of gas volume to total volume, dimensionless 

o Film thickness for turbulent velocity profile, mm 

t:. Difference 

<I> Power spectral density function 

<1>( a) Correlation between interfacial and gas-phase friction factors 

<t>o Gas phase two-phase flow multiplier for the Lockhart-Martinelli-Chisholm model 

<l> Normalized power spectral density function 

r LF Mass flow rate of liquid film 

J.l Viscosity, cP 

v Kinematic viscosity, m2/s 

p Density, kglm3 

p 12 Normalized cross-correlation of processes 1 and 2, dimensionless 

e Time lag between two processes, s 

cr Surface tension, dyne/em 

't Shear stress, Palm 

co Frequency, Hz 
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Subscripts 

c Centerline 

E Entrainment 

G Gas phase 

GS Gas phase, superficial 

h Film thickness 

Interface 

L Liquid phase 

LS Liquid phase, superficial 

M Void fraction averaged mixture 

MS Total of gas and liquid phases, superficial 

ref Reference 

T Total 

TP Two phase 

w Wall 

WF Wall friction 

't Wall shear stress 

Superscripts 

n Reynolds number exponent for Blasius correlation 

* Dimensionless 

+ Normalized 

Conventions 

<3.> Cross-sectional area average of quantity a 

a Mean value of quantity a 
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Figure A.I Photograph of Microgravity Air-Water Bubble Flow in a 12.7 mm ID Tube 



§ 

, r '~i~ 

TF~T· 95.23f
: 

Figure A.2 Photograph of Microgravity Air-Water/Glycerin Bubble Flow in a 12.7 mm ID Tube 
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Figure A.3 Photograph of Microgravity Air-Water/Zonyl FSP Bubble Flow in a 12.7 mm 10 Tube 
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Figure AA Photograph of Microgravity Air-Water/Zony) FSP Bubble How in a 12.7 mm ID Tube 
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Figure A.5 Photograph of Microgravity Air-Water Bubble-Slug Transition Flow in a 12.7 mm ID Tube 
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Figure A.6 Photograph of Microgravity Air-Water/Glycerin Bubble-Slug Transition Flow in a 12.7 mm ID Tube 
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Figure A.7 Photograph of Microgravity Air-Water/Zony] FSP Bubb]e-Slug Transition Flow in a 12.7 mm 10 Tube 
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Figure A.9 Photograph of Microgravity Air-Water/Glycerin Slug Flow in a 12.7 mm ID Tube 
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Figure A.1O Photograph of Microgravity Air-Water/Zony) FSP Slug Flow in a 12.7 mm ID Tube 
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Figure A. II (a) Microgravity Air -Water S I ug-Annular Transition Row Prior to Rupture of a Liquid Slug 
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Figure A.II (c) Microgravity Air-Water Slug-Annular Transition Row After Rupture of a Liquid Slug 
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Figure A.12(a) Microgravity Air-Water/Glycerin Slug-Annular Transition Flow Prior to Bridging of the Tube 
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Figure A. 12(b) Microgravity Air-Water/Glycerin Slug-Annular Transition Row During Bridging of the Tube 



N 

~ 

Figure A.12( c) Microgravity Air-Water/Glycerin Slug-Annular Transition Flow After Bridging of the Tube 
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Figure A.13(a) Microgravity Air-Water/Zonyl FSP Slug-Annular Transition Flow Prior to Rupture of a Liquid Slug 
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Figure A. 13(b) Microgravity Air-Water/Zanyl FSP Slug-Annular Transition Flow Showing Rupture of a Liquid Slug 
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Figure A.13(c) Microgravity Air-Water/Zonyl FSP Slug-Annular Transition Row After Rupture of a Liquid Slug 
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Figure A14 Photograph of Microgravity Air-Water Annular Flow in a 12.7 mm ID Tube 
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Figure A.15 Photograph of Microgravity Air-Water/Glycerin Annular Flow in a 12.7 mm ID Tube 
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Figure A.16 Photograph of Microgravity Air-Water/Zonyl FSP Annular Flow in a 12.7 mm 10 Tube 
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Table B.l Microgravity Flow Pattern Data from Chen et aI., 1988 

UGS ULS Flow Pattern 
(m/s) (m/s) 

0.26 0.165 Bubble 
0.475 0.154 Bubble 
0.712 0.144 Bubble-Slug 
0.953 0.134 Annular 
1.31 0.12 Annular 
1.85 0.094 Annular 
2.32 0.07 Annular 
2.72 0.058 Annular 
3.65 0.021 Annular 

Table B.2 Microgravity Flow Pattern Data from Dukler et aI., 1988 

UGS 
(m/s) 

0.09 
0.65 
0.13 

0.134 
0.61 
0.22 
0.64 
1.09 
1.75 
1.9 
0.7 
0.65 
0.16 
2.22 
1.8 

2.99 
25.32 
11.44 
7.97 
2.22 
23 

11.4 
10.1 

ULS 
(m/s) 

0.478 
0.94 
0.88 
0.46 

0.084 
0.076 
0.08 
0.46 
0.45 
0.92 
0.08 
0.45 
0.079 
0.079 
0.079 
0.438 
0.08 

0.451 
0.082 
0.079 
0.418 
0.077 
0.08 
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Bubble 
Bubble 
Bubble 
Bubble 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 

Slug-Annular 
Slug-Annular 
Slug-Annular 

Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 

-

-



Table B.3 Microgravity Flow Pattern Data from Janicot, 1988 

Vgs 
(m/s) 

0.09 
0.65 
0.13 
0.13 
0.64 
0.2 
0.61 
0.22 
0.64 
1.09 
1.75 
1.9 
0.7 
0.65 
0.16 
0.71 
0.21 
0.2 

0.175 
1.15 
0.22 
0.77 
1.8 

25.32 
11.44 
7.97 
2.22 
2.99 
23 

11.4 
10.1 
3.42 
20.4 
19.7 
3.4 

Vis 
(m/s) 

0.478 
0.94 
0.88 
0.46 
1.06 
1.09 

0.084 
0.076 
0.08 
0.46 
0.45 
0.92 
0.08 
0.45 

0.079 
0.475 
0.083 
0.081 
0.082 
1.04 

0.083 
0.082 
0.079 
0.08 

0.451 
0.082 
0.079 
0.438 
0.418 
0.077 
0.08 
0.08 
0.08 
0.46 
0.477 

263 

Flow Pattern 

Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 

Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 

Slug-Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 



Table B.4 Microgravity Flow Pattern Data from Colin, 1990 

Ugs 
(m/s) 

0.08 
0.123 
0.159 
0.044 
0.114 
0.159 
0.193 
0.246 
0.054 
0.116 
0.174 
0.247 
0.086 
0.153 
0.191 
0.274 
0.045 
0.063 
0.052 
0.065 
0.124 
0.049 
0.06 

0.159 
0:047 
0.059 
0.047 
0.05 
0.067 
0.128 
0.219 
0.129 
0.129 
0.128 
0.129 
0.13 

0.132 
0.061 
0.06 

0.058 
0.058 
0.057 
0.056 
0.123 
0.038 

Uis 
em/s) 

0.494 
0.551 
0.531 
0.692 
0.653 
0.627 
0.61 

0.591 
0.881 
0.845 
0.819 
0.766 
1.104 
1.058 
1.001 
0.971 
0.331 
0.306 
0.309 
0.319 
0.313 
0.448 
0.418 
0.881 
0.268 
0.256 
0.489 
0.958 
0.931 
0.954 
0.937 
0.336 
0.865 
0.839 
0.835 
0.822 
0.809 
0.938 
0.918 
0.902 
0.888 
0.878 
0.865 
1.485 
0.243 
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Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 



Table B.4 Microgravity Flow Pattern Data from Colin, 1990 (continued) 

Ugs 
(m/s) 

0.021 
0.021 
0.024 
0.015 
0.108 
0.11 
0.11 

0.037 
0.045 
0.039 
0.11 
0.05 

0.043 
0.125 
0.134 
0.062 
0.076 
0.069 
0.093 
0.092 
0.127 
0.164 
0.165 
0.215 
0.217 
0.132 
0.124 
0.223 
0.377 
0.47 

0.564 
0.563 
0.624 
0.178 
0.281 
0.47 
0.455 
0.192 
0.301 
0.292 
0.323 
0.226 
0.466 
0.485 
0.23 

Uls 
(m/s) 

0.233 
0.263 
0.251 
0.241 
0.381 
0.257 
0.408 
0.965 
0.994 
0.992 
0.887 
0.854 
0.839 
0.793 
0.757 
0.448 
0.445 
0.883 
0.872 
0.862 
0.84 

0.834 
0.833 
0.54 
0.535 
0.468 
0.862 
0.842 
0.815 
0.803 
0.821 
0.804 
0.806 
0.673 
0.682 
0.668 
0.665 
0.486 
0.292 
0.555 
0.487 
0.304 
0.284 
0.29 
0.304 

265 

Flow Pattern 

Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 



Table B.4 Microgravity Flow Pattern Data from Colin, 1990 (continued) 

Ugs 
(m/s) 

0.121 
0.201 
0.436 
0.065 
0.124 
0.353 
0.55 

0.127 
0.128 
0.128 
0.129 
0.129 
0.129 
0.129 
0.097 
0.209 
0.125 
0.124 
0.188 
0.188 
0.19 

0.231 
0.229 
0.231 
0.284 
0.252 
0.319 
0.137 
0.136 
0.206 
0.292 
0.387 
0.305 
0.258 
0.176 
0.23 
0.318 
0.414 

Uls 
(m/s) 

0.278 
0.271 
0.278 
0.475 
0.46 

0.914 
0.952 
0.258 
0.33 
0.304 
0.469 
0.461 
0.46 

0.543 
0.244 
0.322 
0.441 
0.438 
0.43 

0.427 
0.41 

0.467 
0.464 
0.462 
0.448 
0.539 
0.528 
0.214 
0.216 
0.204 
0.205 
0.206 
0.184 
0.174 
0.467 
0.469 
0.464 
0.457 
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Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 



Table B.5 Microgravity Flow Pattern Data from Huckerby and Rezkallah, 1992 

Ugs 
(m/s) 
0.1808 
0.251 

0.1533 
0.222 
0.274 
0.275 

0.3299 
0.115 
0.641 
0.521 
0.489 
0.3046 
0.522 
0.4135 
0.373 
1.72 

1.035 
1.152 
0.753 

0.7465 
2.46 

0.488 
2.984 
5.945 
4.95 
1.892 
1.894 

0.6926 
0.5314 
3.978 
1.428 
1.987 
1.922 
2.425 
1.077 
1.063 
0.973 
0.786 
0.718 
0.8149 
4.91 
3.89 
5.78 
4.82 
5.89 
2.93 
2.95 

2.978 
3.928 

Uis 
(m/s) 
0.087 
0.288 
0.312 
0.714 
0.75 

0.8246 
1.66 
3.2 

2.02 
2.17 

0.624 
0.6607 
1.313 

2.1198 
2.861 
0.13 
0.138 
0.167 
0.232 

0.2377 
0.28 

0.294 
0.324 
0.355 
0.388 

0.4465 
0.48 

0.5178 
0.5433 
0.6118 
0.6346 
0.648 
0.69 

0.85356 
0.973 

0.98795 
1.112 
1.31 
2.39 

2.1676 
0.24 

0.283 
0.308 
0.373 
0.374 
0.409 
0.477 
0.817 
1.055 
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Flow Pattern 

Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 

Bubble-Slug 
Bubble-Slug 
Bubble-Slug 
Bubble-Slug 
Bubble-Slug 
Bubble-Slug 
Bubble-Slug 

Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 

Slug-Annular 
Slug-Annular 
Slug-Annular 
Slug-Annular 
Slug-Annular 
Slug-Annular 
Slug-Annular 
Slug -Annular 
Slug-Annular 



Table B.6 Microgravity Flow Pattern Data from Zhao and Rezkallah, 1993 

Ugs 
(m/s) 

0.3 
0.29 
0.48 
0.66 
0.75 

1 
0.47 
0.72 
0.95 
1.56 
2.76 
0.42 
0.65 
0.81 
1.13 
2.49 
2.42 
0.33 
0.53 
0.67 
0.39 
0.47 
0.66 
1.05 
1.41 
0.14 
0.21 
0.27 
0.65 
0.97 
1.82 
0.5 

0.57 
0.77 
1.75 
0.54 
0.81 
1.26 
0.37 
0.71 
1.05 
0.37 
0.42 
0.52 
1.06 

Uis 
(m/s) 

2.27 
3.46 
3.53 
3.45 
3.73 
3.71 
0.92 
0.89 
0.95 
0.86 
0.88 
2.39 
2.26 
2.35 
2.33 
2.33 
3.34 
0.09 
0.09 
0.09 
0.13 
0.11 
0.12 
0.13 
0.13 
0.21 
0.21 
0.21 
0.2 
0.2 
0.2 
0.3 
0.3 
0.3 
0.3 
0.09 
0.09 
0.09 
0.09 
0.09 
0.09 
0.45 
0.43 
0.43 
0.4 
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Bubble 
Bubble 
Bubble 
Bubble 
Bubble 
Bubble 

Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 



Table B.6 Microgravity Flow Pattern Data from Zhao and'Rezkallah, 1993 (continued) 

Ugs Uls Flow Pattern 
(m/s) (m/s) 

2.02 0.44 Slug 
2.58 0.5 Slug 
0.4 0.47 Slug 

0.64 0.44 Slug 
0.71 0.47 Slug 
1.04 0.47 Slug 
1.93 0.46 Slug 
5.36 0.92 Slug-Annular 
7.5 0.85 Slug-Annular 
9.95 0.9 Slug-Annular 
12.25 0.85 Slug-Annular 
14.97 1.02 Slug-Annular 
11.53 0.56 Slug-Annular 
13.22 1.38 Slug-Annular 
4.9 1.97 Slug-Annular 
6.72 2.18 Slug-Annular 
9.08 2.13 Slug-Annular 
10.46 2.08 Slug-Annular 
4.65 3.06 Slug-Annular 
6.62 2.83 Slug-Annular 
8.56 2.59 Slug-Annular 
10.42 2.39 Slug-Annular 
1.26 0.09 Slug-Annular 
1.68 0.09 Slug-Annular 
2.63 0.09 Slug-Annular 
4.1 0.09 Slug -Annular 
6.58 0.09 Slug-Annular 
8.96 0.09 Slug-Annular 
12.48 0.09 Slug-Annular 
2.63 0.13 Slug-Annular 
3.85 0.13 Slug-Annular 
6.51 0.13 Slug-Annular 
8.99 0.13 Slug-Annular 
12.29 0.13 Slug-Annular 
3.15 0.2 Slug-Annular 
5.53 0.2 Slug-Annular 
9.11 0.19 Slug-Annular 
11.89 0.21 Slug-Annular 
3.14 0.29 Slug-Annular 
5.43 0.29 Slug-Annular 
7.35 0.29 Slug-Annular 
9.98 0.3 Slug-Annular 
12.37 0.29 Slug-Annular 
1.91 0.09 Slug-Annular 
2.26 0.09 Slug-Annular 
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Table B.6 Microgravity Flow Pattern Data from Zhao and Rezka1lah, 1993 (continued) 

Ugs 
(m/s) 

3.39 
4.58 
6.42 
8.9 

12.52 
1.6 
2.2 

3.21 
4.58 
6.46 
8.81 
12.37 
13.8 

15.02 
4.36 
7.51 
10.15 
12.01 
3.81 
7.44 
9.74 
11.96 
16.51 
4.61 
6.69 
13.39 
16.37 
18.95 
21.51 
23.31 
14.26 
16.39 
18.86 
19.14 
22.35 
16.74 
19.31 
19.9 

23.02 
17.1 
19.66 
19.72 
18.73 
22.66 
27.86 
32.17 

Uls 
(m/s) 

0.09 
0.09 
0.09 
0.09 
0.09 
0.09 
0.09 
0.09 
0.09 
0.09 
0.09 
0.09 
0.14 
0.2 

0.43 
0.42 
0.42 
0.42 
0.38 
0.38 
0.36 
0.36 
0.33 
0.3 
0.41 
0.09 
0.09 
0.09 
0.09 
0.09 
0.09 
0.09 
0.09 
0.09 
0.09 
0.13 
0.13 
0.14 
0.13 
0.2 

0.17 
0.19 
0.19 
0.19 
0.14 
0.11 
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Flow Pattern 

Slug-Annular 
Slug-Annular 
Slug-Annular 
Slug-Annular 
Slug-Annular 
Slug-Annular 
Slug-Annular 
Slug-Annular 
Slug-Annular 
Slug-Annular 
Slug-Annular 
Slug-Annular 
Slug-Annular 
Slug-Annular 
Slug-Annular 
Slug-Annular 
Slug-Annular 
Slug-Annular 
Slug-Annular 
Slug-Annular 
Slug-Annular 
Slug-Annular 
Slug-Annular 
Slug-Annular 
Slug-Annular 

Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 



Table B.7 Microgravity Flow Pattern Data for 4.7 nun ID Tube from Reinarts, 1993 

Ugs Uls Flow Pattern 
(m/s) (m/s) 

1.922 0.546 Annular 
2.456 0.413 Annular 
2.434 0.400 Annular 
2.799 0.341 Annular 
3.007 0.327 Annular 
2.829 0.311 Annular 
3.528 0.282 Annular 
6.685 0.071 Annular 
6.761 0.070 Annular 
6.740 0.064 Annular 
2.853 0.197 Annular 
2.359 0.424 Annular 
2.461 0.416 Annular 
2.897 0.308 Annular 
3.711 0.305 Annular 
2.510 0.258 Annular 
4.530 0.254 Annular 
2.463 0.153 Annular 
2.498 0.102 Annular 
2.657 0.076 Annular 
6.128 0.089 Annular 
2.205 0.044 Annular 
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Table B.8 Microgravity Flow Pattern Data for 10.5 mm ID Tube from Reinarts, 1993 

Ugs 
(m/s) 

0.054 
0.060 
0.148 
0.129 
0.261 
0.290 
0.106 
0.125 
0.115 
0.128 
0.141 
0.138 
0.157 
0.127 
0.213 
0.055 
0.075 
0.077 
0.069 
0.062 
0.057 
0.057 
0.133 
0.115 
0.135 
0.597 
0.589 
0.486 
0.328 
0.453 
0.685 
0.470 
0.472 
0.396 
0.384 
0.623 
0.614 
0.568 
0.666 
0.666 
0.589 
0.353 
0.347 
0.245 
0.228 

Uls 
(m/s) 

0.456 
0.387 
0.393 
0.474 
0.076 
0.078 
0.378 
0.331 
0.188 
0.094 
0.092 
0.019 
0.019 
0.017 
0.355 
0.186 
0.185 
0.097 
0.097 
0.022 
0.009 
0.006 
0.009 
0.024 
0.100 
0.156 
0.161 
0.116 
0.083 
0.039 
0.166 
0.121 
0.118 
0.105 
0.165 
0.044 
0.043 
0.164 
0.161 
0.162 
0.167 
0.069 
0.068 
0.017 
0.024 
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Flow Pattern 

Bubble 
Bubble-Slug 
Bubble-Slug 
Bubble-Slug 

Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 
Slug 

Slug-Annular 
Slug-Annular 
Slug-Annular 
Slug-Annular 
Slug-Annular 
Slug-Annular 
Slug-Annular 
Slug-Annular 
Slug-Annular 
Slug-Annular 
Slug-Annular 
Slug-Annular 
Slug-Annular 
Slug-Annular 
Slug-Annular 
Slug-Annular 
Slug-Annular 
Slug-Annular 
Slug-Annular 
Slug-Annular 



Table B.8 Flow Pattern Data for 10.5 mm ID Tube from Reinarts, 1993 (continued) 

Ugs 
(m/s) 

0.170 
0.174 
2.106 
3.828 
1.459 
2.254 
2.878 
3.666 
3.466 
2.482 
0.976 
1.386 
3.164 
0.898 
0.597 
0.606 
2.472 
2.286 
1.247 
2.957 
1.765 
0.505 
2.381 
1.365 
0.817 
1.228 
1.210 
1.361 
1.747 
1.265 
1.565 
0.559 
1.607 
1.082 
2.938 
1.395 
2.900 
1.115 
1.282 
2.306 
1.752 
2.874 
2.965 
1.250 
0.814 

Uls 
(m/s) 

0.005 
0.005 
0.201 
0.094 
0.060 
0.039 
0.068 
0.007 
0.033 
0.027 
0.025 
0.017 
0.011 
0.009 
0.376 
0.362 
0.120 
0.061 
0.060 
0.056 
0.075 
0.029 
0.030 
0.015 
0.506 
0.176 
0.176 
0.109 
0.046 
0.040 
0.016 
0.018 
0.002 
0.010 
0.118 
0.110 
0.096 
0.062 
0.030 
0.018 
0.020 
0.007 
0.056 
0.030 
0.016 
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Flow Pattern 

Slug-Annular 
Slug-Annular 

Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
AnilUlar 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 



Table B.8 Flow Pattern Data for 10.5 rrun ID Tube from Reinarts, 1993 (continued) 

Vgs Vis Flow Pattern 
(m/s) (m/s) 

0.807 0.015 Annular 
2.840 0.012 Annular 
2.844 0.011 Annular 
1.650 0.016 Annular 
3.171 0.006 Annular 
0.844 0.005 Annular 
1.415 0.382 Annular 
1.720 0.260 Annular 
0.950 0.145 Annular 
1.470 0.094 Annular 
1.385 0.084 Annular 
1.043 0.048 Annular 
3.007 0.015 Annular 
3.046 0.015 Annular 
1.296 0.024 Annular 
3.286 0.022 Annular 
3.153 0.011 Annular 
3.191 0.010 Annular 
1.087 0.002 Annular 



Appendix C Microgravity Flow Pattern Data 
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Table C.l Microgravity Flow Pattern Data for Air-Water, 12.7 mm ID Tube 

Run UGS ULS Pattern 
(m/s) (m/s) 

64.32 0.234 0.9 Bubble 
68.2 0.249 0.608 Bubble 

83.32 0.487 0.805 Bubble 
85.2 0.109 0.504 Bubble 
87.22 0.312 0.532 Bubble 
87.3 0.362 0.807 Bubble 
90.2 0.118 0.806 Bubble 
45.1 0.22 0.177 Bubble-Slug 
60.1 0.114 0.101 Bubble-Slug 
64.2 0.182 0.34 Bubble-Slug 
65.3 0.597 0.861 Bubble-Slug 
81.12 0.118 0.204 Bubble-Slug 
89.1 0.576 0.519 Bubble-Slug 
155.6 0.543 0.53 Bubble-Slug 
32.1 0.43 0.072 Slug 
34.3 0.147 0.073 Slug 
58.1 1.11 0.203 Slug 

58.22 0.396 0.082 Slug 
59.2 0.506 0.207 Slug 
65.1 0.36 0.143 Slug 
65.2 0.589 0.335 Slug -

66.2 1.154 0.341 Slug 
66.13 1.433 0.163 Slug 
67.12 0.9 0.104 Slug 
67.2 0.202 0.055 Slug 
67.3 1.118 0.878 Slug 
68.3 0.77 0.601 Slug 
69.32 1.674 0.581 Slug 
81.32 0.981 0.527 Slug 
83.22 0.291 0.203 Slug 
84.12 0.345 0.065 Slug 
85.3 2.034 0.792 Slug 

86.12 1.244 0.197 Slug 
86.22 0.624 0.203 Slug 
86.32 1.205 0.789 Slug 
91.1 2.18 0.515 Slug 
144.5 0.987 0.121 Slug 
155.4 0.533 0.071 Slug 
155.5 1.071 0.526 Slug 
156.2 1.075 0.193 Slug 
156.3 0.536 0.195 Slug 
156.4 1.064 0.113 Slug 

'"-
156.5 0.546 0.113 Slug 
156.6 2.059 0.53 Slug 

~ 

31.1 2.194 0.069 Slug-Annular ~ 

33.1 1.773 0.082 Slug-Annular 
60.2 1.666 0.102 S lug-Annular 
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Table C.1 Microgravity Row Pattern Data for Air-Water, 12.7 rnm ID Tube (continued) 

Run 

66.3 
68.1 
69.2 

70.12 
70.3 

82.22 
83.12 
84.22 
85.1 
89.2 
90.1 
143.6 
155.1 
155.2 
155.3 
156.1 
35.2 
36.1 

37.22 
38.1 
59.1 
69.12 
70.2 

81.22 
82.12 
87.1 
88.2 
141.1 
141.2 
141.3 
141.4 
141.5 
141.6 
142.1 
142.2 
142.3 
142.4 
142.5 
142.6 
143.1 
143.2 
143.3 
143.4 
143.5 
144.1 
144.2 
144.3 
144.4 
144.6 

UGS 
(m/s) 
4.294 
2.208 
4.595 
2.486 
5.784 
1.116 
2.251 
4.426 
2.01 

4.433 
3.987 
5.106 
2.099 
2.103 
1.089 
2.1 

5.302 
4.403 
7.503 
11.567 
7.672 
10.828 
10.138 
9.23 

10.067 
4.685 
10.238 
24.75 
10.825 
10.395 
10.325 
15.665 
9.264 
15.655 
15.68 

15.179 
10.299 
5.278 
22.43 
26.183 

25.5 
5.476 
5.378 
5.285 

25.079 
25.453 
23.517 
10.441 
10.008 
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ULS 
(m/s) 
0.861 
0.095 
0.328 
0.153 
0.603 
0.069 
0.068 
0.506 
0.198 

0.8 
0.2 

0.545 
0.11 

0.069 
0.071 
0.192 
0.067 
0.185 
0.407 
0.192 
0.206 
0.099 
0.349 
0.514 
0.073 
0.058 
0.765 
0.197 
0.077 
0.12 

0.209 
0.121 
0.549 
0.07 

0.114 
0.198 
0.134 
0.134 
0.498 
0.07 

0.105 
0.069 
0.121 
0.207 
0.067 
0.111 
0.399 
0.074 
0.542 

Pattern 

Slug-Annular 
Slug-Annular 
Slug-Annular 
S lug -Annular 
Slug-Annular 
Slug-Annular 
Slug-Annular 
Slug-Annular 
Slug-Annular 
Slug-Annular 
Slug-Annular 
Slug-Annular 
Slug-Annular 
Slug-Annular 
Slug-Annular 
Slug-Annular 

Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 



Table C.2 Microgravity Flow Pattern Data for Air-Water/Glycerin, 12.7 mm ID Tube 

Run UGS ULS Pattern 
(m/s) (m/s) 

94.3 0.303 0.509 Bubble 
95.23 0.119 0.529 Bubble 
95.33 0.119 0.894 Bubble 
96.32 0.3 0.896 Bubble 
62.2 0.332 0.34 Bubble-Slug 
94.1 0.114 0.21 Bubble-Slug 
97.22 1.034 0.873 Bubble-Slug 
157.6 0.542 0.522 Bubble-Slug 
52.2 0.12 0.093 Slug 
53.13 0.784 0.492 Slug 
54.2 0.781 0.096 Slug 
55.2 1.107 0.31 Slug 

71.12 0.571 0.266 Slug 
71.22 0.463 0.126 Slug 
73.3 1.022 0.487 Slug 

92.12 0.332 0.087 Slug 
92.2 0.306 0.204 Slug 
93.1 1.082 0.08 Slug 
93.2 1.049 0.204 Slug 
93.3 3.799 0.816 Slug 
97.13 1.053 0.509 Slug 
98.1 2.46 0.525 Slug 
98.2 2.302 0.823 Slug 
157.4 0.534 0.063 Slug 
157.5 1.067 0.513 Slug 
158.2 1.087 0.204 Slug 
158.3 0.559 0.207 Slug 
158.4 1.074 0.114 Slug 
158.5 0.544 0.114 Slug 
158.6 2.089 0.526 Slug 
53.2 2.111 0.094 Slug-Annular 
54.1 3.02 0.48 Slug-Annular 
62.32 2.157 0.142 Slug-Annular 
62.4 4.285 0.143 Slug-Annular 
63.1 3.471 0.297 Slug-Annular 
71.32 2.28 0.209 Slug-Annular 
71.42 5.551 0.44 Slug-Annular 
72.1 3.113 0.067 Slug-Annular 
72.2 4.562 0.319 Slug-Annular 
72.3 6.515 0.492 Slug-Annular 
93.1 1.082 0.08 Slug-Annular 
96.1 4.041 0.086 Slug-Annular 

96.22 4.46 0.205 Slug-Annular 
99.12 2.304 0.09 Slug-Annular 
99.22 2.46 0.203 Slug-Annular 
99.3 3.994 0.496 Slug-Annular 
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Table C.2 Flow Pattern Data for Air-Water/Glycerin, 12.7 mm ID Tube (continued) 

Run UGS ULS Pattern 
(m/s) (m/s) 

147.6 4.892 0.551 Slug-Annular 
148.6 4.948 0.548 Slug-Annular 
157.1 2.089 0.11 Slug-Annular 
157.2 2.131 0.064 Slug-Annular 
157.3 1.134 0.068 Slug-Annular 
158.1 2.135 0.201 Slug-Annular 
52.1 10.12 0.308 Annular 

52.12 10.35 0.3 Annular 
62.1 6.496 0.333 Annular 
63.2 8.202 0.544 Annular 
73.1 10.934 0.184 Annular 
73.2 10.665 0.316 Annular 

92.32 9.641 0.71 Annular 
94.2 9.093 0.489 Annular 

95.13 9.773 0.084 Annular 
145.1 25.195 0.107 Annular 
145.2 10.274 0.113 Annular 
145.3 10.189 0.203 Annular 
145.4 5.523 0.117 Annular 
145.5 5.212 0.208 Annular 
145.6 9.8 0.506 Annular 
146.1 25.417 0.109 Annular 
146.2 24.858 0.2 Annular 
146.3 15.444 0.116 Annular 
146.4 15.284 0.209 Annular 
146.5 5.457 0.12 Annular 
146.6 13.968 0.533 Annular 
147.1 25.358 0.064 Annular 
147.2 16.016 0.067 Annular 
147.3 10.711 0.065 Annular 
147.4 5.433 0.059 Annular 
147.5 22.111 0.502 Annular 
148.1 15.289 0.111 Annular 
148.2 10.637 0.115 Annular 
148.3 25.984 0.069 Annular 
148.4 15.947 0.068 Annular 
148.5 22.021 0.499 Annular 
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Table C.3 Microgravity Flow Pattern Data for Air-WaterlZonyl FSP, 12.7 nun ID Tube 

Run UGS ULS Pattern 
(m/s) (m/s) 

50.1 0.251 0.505 Bubble 
100.4 0.344 0.527 Bubble 
101.22 0.124 0.202 Bubble 
101.3 0.12 0.526 Bubble 
47.22 0.119 0.1 Bubble-Slug 
49.1 0.399 0.294 Bubble-Slug 
61.3 0.258 0.264 Bubble-Slug 
100.2 0.31 0.202 Bubble~Slug 
48.1 0.802 0.504 Slug 
48.2 0.609 0.096 Slug 
61.1 1.062 0.103 Slug 
61.4 2.534 0.664 Slug 
100.1 0.307 0.071 Slug 
101.4 1 0.52 Slug 
102.3 0.982 0.071 Slug 
102.4 0.968 0.203 Slug 
103.42 2.325 0.508 Slug 
153.3 1.019 0.064 Slug 
153.5 1 0.49 Slug 
154.2 1.068 0.22 Slug 
154.3 0.539 0.221 Slug 
154.4 1.057 0.129 Slug 
154.5 0.554 0.132 Slug 
154.6 2.053 0.521 Slug 
47.1 5.185 0.485 Slug-Annular 
102.2 3.868 0.508 Slug-Annular 
103.22 2.356 0.068 Slug-Annular 
103.32 2.371 0.205 Slug-Annular 
153.1 2.107 0.067 Slug-Annular 
153.2 2.068 0.105 Slug-Annular 
154.1 2.134 0.213 Slug-Annular 
49.2 10.63 0.313 Annular 

50.22 3.317 0.097 Annular 
61.2 10.745 0.0994 Annular 
100.3 9.626 0.5 Annular 
101.12 9.917 0.07 Annular 
102.12 4.2 0.072 Annular 
103.13 4.208 0.203 Annular 
149.1 24.578 0.193 Annular 
149.2 10.505 0.075 Annular 
149.3 10.521 0.118 Annular 
149.4 10.307 0.206 Annular 
149.5 15.459 0.121 Annular 
149.6 9.73 0.547 Annular 
150.1 15.526 0.067 Annular 
150.2 15.426 0.106 Annular 
150.3 15.068 0.185 Annular 
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Table C.3 Flow Pattern Data for Air-WaterlZonyl FSP, 12.7 mm ID Tube (continued) 

Run 

150.4 
150.5 
150.6 
151.1 
151.2 
151.3 
151.4 
151.5 
151.6 
152.1 
152.2 
152.3 
152.4 
152.5 
152.6 

UGS 
(m/s) 

10.574 
5.246 

22.389 
25.858 
25.668 
5.545 
5.46 

5.402 
13.616 
25.367 
5.365 
5.366 
10.302 
10.221 
14.45 
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ULS 
(m/s) 

0.109 
0.111 
0.447 
0.06 

0.104 
0.067 
0.11 
0.199 
0.517 
0.103 
0.067 
0.111 
0.07 
0.511 
0.507 

Pattern 

Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 



Table C.4 Microgravity Flow Pattern Data for Air-Water, 25.4 mm ID Tube 

Run UGS ULS Pattern 
(m/s) (m/s) 

1413 0.195 0.717 Bubble 
1415 0.114 0.715 Bubble 
1507 0.126 0.49 Bubble 
1118 0.192 0.444 Bubble-Slug 
1408 0.11 0.34 Bubble-Slug 
1502 0.221 0.516 Bubble-Slug 
1102 0.47 0.663 Slug 
1103 2 0.674 Slug 
1105 1.01 0.662 Slug 
1108 0.124 0.097 Slug 
1113 0.506 0.12 Slug 
1115 0.215 0.128 Slug 
1120 0.984 0.492 Slug 
1124 2.07 0.508 Slug 
1125 0.5 0.141 Slug 
1135 0.104 0.255 Slug 
1136 0.196 0.172 Slug 
1138 0.509 0.2 Slug 
1139 1.03 0.226 Slug 
1402 0.533 0.349 Slug 
1405 1.02 0.345 Slug 
1410 0.195 0.33 Slug 
1412 0.305 0.3 Slug 
1414 2.98 0.71 Slug 
1417 0.732 0.673 Slug 
1418 0.738 0.53 Slug 
1420 2.02 0.485 Slug 
1421 0.468 0.484 Slug 
1504 0.786 0.485 Slug 
1506 0.545 0.55 Slug 
1513 0.509 0.142 Slug 
1515 0.205 0.165 Slug 
1519 0.497 0.23 Slug 
1521 0.211 0.157 Slug 
1523 0.085 0.182 Slug 
1525 0.503 0.21 Slug 
1107 4.74 0.623 Slug-Annular 
1111 2.08 0.098 Slug-Annular 
1123 4.92 0.459 Slug-Annular 
1133 2.02 0.256 Slug-Annular 
1403 2.03 0.34 Slug-Annular 
1409 2.99 0.311 Slug-Annular -., 
1416 6.83 0.69 Slug-Annular 
1503 3 0.49 Slug-Annular 
1505 6.74 0.46 Slug-Annular ~ 

1511 2.03 0.14 Slug-Annular 
1516 1.55 0.185 Slug-Annular 
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Table C.4 Flow Pattern Data for Air-Water, 25.4 mm ID Tube (continued) 

Run UGS ULS Pattern 
(m/s) (m/s) 

1518 3.06 0.124 Slug-Annular 
1524 3 0.18 Slug-Annular 
1104 9.57 0.604 Annular 
1112 10.8 0.1 Annular 
1114 14.7 0.123 Annular 
1116 5.04 0.118 Annular 
1117 10.8 0.442 Annular 
1128 10.8 0.095 Annular 
1132 10.5 0.237 Annular 
1140 5.07 0.193 Annular 
1404 10.8 0.348 Annular 
1411 7.35 0.345 Annular 
1425 16.35 0.21 Annular 
1501 10.3 0.465 Annular 
1514 5.23 0.127 Annular 
1522 7.02 0.25 Annular 

283 



Table C.5 Microgravity Flow Pattem Data for Air-Water/Glycerin, 25.4 mm ID Tube 

Run UGS ULS Pattern 
(m/s) (m/s) 

1202 0.383 1.052 Bubble 
1208 0.215 0.92 Bubble 
1221 0.486 0.884 Bubble 
1234 0.114 0.303 Bubble 
1246 0.207 0.576 Bubble 
1205 0.959 0.908 Bubble-Slug 
1210 0.98 0.749 Bubble-Slug 
1236 0.205 0.3 Bubble-Slug 
1241 0.5 0.572 Bubble-Slug 
1203 1.42 0.945 Slug 
1213 0.522 0.091 Slug 
1215 0.196 0.166 Slug 
1217 0.108 0.084 Slug 
1223 1.99 0.899 Slug 
1225 0.512 0.155 Slug 
1238 0.502 0.3 Slug 
1239 1 0.308 Slug 
1242 2.02 0.571 Slug 
1244 0.971 0.605 Slug 
1250 1.03 0.167 Slug 
1204 8.25 0.83 Slug-Annular 
1207 4.5 0.88 Slug-Annular 
1211 2.07 0.114 Slug-Annular 
1212 0.957 0.077 Slug-Annular 
1218 3.07 0.109 Slug-Annular 
1219 8.85 0.765 Slug-Annular 
1222 4.52 0.889 Slug-Annular 
1224 2.02 0.187 Slug-Annular 
1233 2.09 0.32 Slug-Annular 
1240 3.07 0.305 Slug-Annular 
1245 4.89 0.559 Slug-Annular 
1247 2.02 0.118 S lug-Annular 
1214 13.7 0.08 Annular 
1216 4.97 0.086 Annular 
1226 15.1 0.16 Annular 
1229 5.14 0.124 Annular 
1230 10.5 0.149 Annular 
1231 5.1 0.233 Annular 
1235 15.3 0.285 Annular 
1243 10 0.55 Annular 
1249 15.4 0.083 Annular 
1252 19.5 0.115 Annular 
1253 21.5 0.145 Annular 
1254 20.2 0.08 Annular 
1255 20.4 0.09 Annular 
1256 20.5 0.2 Annular 
1257 20.2 0.14 Annular 
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Table C.6 Microgravity Flow Pattern Data for Air-Water/Zonyl FSP, 25.4 nun ID Tube 

Run UGS ULS Pattern 
(m/s) (m/s) 

1308 0.121 0.273 Bubble 
1310 0.192 0.282 Bubble 
1326 0.12 0.565 Bubble 
1328 0.217 0.565 Bubble 
1315 0.221 0.255 Bubble-Slug 
1319 0.12 0.144 Bubble-Slug 
1335 0.122 0.101 Bubble-Slug 
1302 0.52 0.276 Slug 
1305 1.15 0.273 Slug 
1313 0.505 0.194 Slug 
1317 1.08 0.142 Slug 
1320 1.1 0.144 Slug 
1321 0.515 0.142 Slug 
1324 2 0.557 Slug 
1334 0.999 0.103 Slug 
1336 0.205 0.102 Slug 
1303 2.06 0.271 Slug-Annular 
1309 3 0.271 Slug-Annular 
1311 2.17 0.188 Slug-Annular 
1323 5 0.551 Slug-Annular 
1329 6.6 0.545 Slug-Annular 
1333 2.06 0.097 Slug-Annular 
1301 24 0.24 Annular 
1304 9.66 0.264 Annular 
1307 5.1 0.267 Annular 
1312 9.7 0.181 Annular 
1316 5.05 0.199 Annular 
1325 9.51 0.536 Annular 
1331 5.1 0.099 Annular 
1332 10.5 0.096 Annular 
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Table D.l Microgravity Bubble and Bubble-Slug Flow Data, 12.7 mm ID Tube 

Run Fluids Pattern Vas VLS VMS VaS/UMS <Va> <a> dP/dx Rew fw 
(mls) (mls) (mls) (mls) (Palm) 

83.32 AW B 0.487 0.805 1.292 0.377 1.54 0.303 2434 11420 0.0133 
85.2 AW B 0.109 0.504 0.613 0.178 0.67 0.162 752 6512 0.0152 

87.22 AW B 0.312 0.532 0.844 0.370 0.91 0.313 1215 7353 0.0158 
87.3 AW B 0.362 0.807 1.169 0.310 1.30 0.283 2037 10629 0.0132 
90.2 AW B 0.118 0.806 0.924 0.128 0.113 1237 10390 0.0104 
45.1 AW B-S 0.22 0.177 0.397 0.554 0.36 0.402 
60.1' AW B-S 0.114 0.101 0.215 0.530 0.61 0.431 
64.2 AW B-S 0.182 0.34 0.522 0.349 0.61 0.297 
65.3 AW B-S 0.597 0.861 1.458 0.409 1.81 0.375 
81.12 AW B-S 0.118 0.204 0.322 0.366 0.37 0.312 388 2809 0.0346 

~ 89.1 AW B-S 0.576 0.519 1.095 0.526 1.24 0.488 2009 7114 0.0208 

94.3 AWG B 0.303 0.509 0.812 0.373 1.10 0.291 2495 1372 0.0301 
95.23 AWG B 0.119 0.529 0.648 0.184 0.137 1384 1332 0.0216 
95.33 AWG B 0.119 0.894 1.013 0.117 0.079 2238 2222 0.0134 
96.32 AWG B 0.3 0.896 1.196 0.251 0.172 2674 2359 0.0127 
62.2 AWG B-S 0.332 0.34 0.672 0.494 1.06 0.420 
94.1 AWG B-S 0.114 0.21 0.324 0.352 0.39 0.304 852 537 0.0658 
97.22' AWG B-S 1.034 0.873 1.907 0.542 2.82 0.430 

50.1 AWZ B 0.251 0.505 0.756 0.332 0.98 0.320 
100.4 AWZ B 0.344 0.527 0.871 0.395 0.98 0.271 993 8051 0.0114 

101.22 AWZ B 0.124 0.202 0.326 0.380 0.37 0.350 609 2688 0.0561 
101.3 AWZ B 0.12 0.526 0.646 0.186 0.74 0.150 668 6961 0.0120 
47.22 AWZ B-S 0.119 0.1 0.219 0.543 0.28 0.466 
49.1 AWZ B-S 0.399 0.294 0.693 0.576 0.91 0.512 
61.3 AWZ B-S 0.258 0.264 0.522 0.494 0.64 0.382 
100.2 AWZ B-S 0.31 0.202 0.512 0.605 0.528 547 3067 0.0281 
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Table D.2 Microgravity Slug Flow Data for Air-Water in a 12.7 nun ID Tube 

Run Fluids Dos VLS VMS VOs/UMs <Va> <a.> dP/dx Reyp f1P 
(m/s) (m/s) (m/s) (m/s) (Palm) 

32.1 AW 0.43 0.072 0.502 0.857 0.52' 0.617 
58.1 AW 1.11 0.203 1.313 0.845 1.81 0.660 

58.22 AW 0.396 0.082 0.478 0.828 0.53 0.652 
59.2 AW 0.506 0.207 0.713 0.710 0.85 0.610 
65.1 AW 0.36 0.143 0.503 0.716 0.64 0.554 
65.2 AW 0.589 0.335 0.924 0.637 1.16 0.506 
66.2 AW 1.154 0.341 1.495 0.772 2.03 0.600 

67.12 AW 0.9 0.104 1.004 0.896 1.41 0.652 
67.2 AW 0.202 0.055 0.257 0.786 0.32 0.546 
67.3 AW 1.118 0.878 1.996 0.560 2.54 0.491 

~ 68.3 AW 0.77 0.601 1.371 0.562 1.81 0.497 
69.32 AW 1.674 0.581 2.255 0.742 3.39 0.586 
81.32 AW 0.981 0.527 1.508 0.651 1.81 0.600 2683 7659 0.0187 
83.22 AW 0.291 0.203 0.494 0.589 0.56 0.504 584 3109 0.0307 
84.12 AW 0.345 0.065 0.410 0.841 0.46 0.677 
85.3 AW 2.034 0.792 2.826 0.720 3.39 0.603 4099 14246 0.0082 

86.12 AW 1.244 0.197 1.441 0.863 1.75 0.690 954 5677 0.0094 
86.22 AW 0.624 0.203 0.827 0.755 0.92 0.704 411 3111 0.0129 
86.32 AW 1.205 0.789 1.994 0.604 2.42 0.552 2386 11339 0.0085 
91.1 AW 2.18 0.515 2.695 0.809 3.91 0.668 
144.5 AW 0.987 0.121 1.108 0.891 1.19 0.728 559 3826 0.0106 
155.1 AW 2.099 0.110 2.209 0.950 2.50 0.760 465 6743 0.0025 
155.2 AW 2.103 0.069 2.172 0.968 0.770 284 6371 0.0017 
155.3 AW 1.089 0.071 1.160 0.939 1.19 0.674 234 4805 0.0034 
155.4 AW 0.533 0.071 0.604 0.882 0.71 0.705 119 2268 0.007 
155.5 AW 1.071 0.526 1.597 0.671 1.85 0.618 1973 7755 0.0128 
155.6 AW 0.543 0.530 1.073 0.506 1.19 0.509 1453 6682 0.0163 



Table D.2 Microgravity Slug Flow Data for Air-Water in a 12.7 mm ID Tube (continued) 

Run Fluids Uas ULS UMS Uas/UMs <Ua> <a.> dP/dx Rew fw 
(mls) (mls) (mls) (mls) (Palm) 

156.1 AW 2.1 0.192 2.292 0.916 1.72 0.727 1068 7963 0.0047 
156.2 AW 1.075 0.193 1.268 0.848 1.19 0.708 684 4709 0.0092 
156.3 AW 0.536 0.195 0.73t 0.733 0.76 0.648 413 3264 0.014 
156.4 AW 1.064 0'.113 1.177 0.904 1.22 0.741 355 3879 0.0063 
156.5 AW 0.546 0'.113 0.659 0.829 0.67 0.703 123 2485 0.0061 
156.6 AW 2.059 0'.530 2.589 0.795 2.27 0.667 3385 10954 0.0096 

~ 
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Table 0.3 Microgravity Slug Flow Data for Air-Water/Glycerin in a 12.7 mm ID Tube 

Run Fluids Uos ULS UMS UOsfUMS <Uo> <a.> dP/dx Re-w fw 
(m/s) (m/s) (m/s) (m/s) (Palm) 

52.2 AWG 0.12 0.093 0.213 0.563 0.30 0.434 
53.13 AWG 0.784 0.492 1.276 0.614 2.12 0.458 
54.2 AWG 0.781 0.096 0.877 0.891 1.27 0.621 
55.2 AWG 1.107 0.31 1.417 0.781 2.12 0.574 

71.12 AWG 0.571 0.266 0.837 0.682 1.16 0.526 
71.22 AWG 0.463 0.126 0.589 0.786 0.91 0.548 
73.3 AWG 1.022 0.487 1.509 0.677 2.42 0.609 
92.12 AWG 0.332 0.087 0.419 0.792 0.00 0.539 349 461 0.0243 
92.2 AWG 0.306 0.204 0.510 0.600 0.64 0.546 1029 552 0.0491 
93.1 AWG 1.082 0.08 1.162 0.931 1.49 0.703 532 824 0.0075 

8 93.2 AWG 1.049 0.204 1.253 0.837 1.59 0.652 1029 1040 0.0106 
97.13 AWG 1.053 0.509 1.562 0.674 2.21 0.558 3681 1646 0.0192 
98.1 AWG 2.46 0.525 2.985 0.824 4.23 0.657 4629 2443 0.0085 
98.2 AWG 2.302 0.823 3.125 0.737 4.62 0.594 8015 3026 0.0114 
157.1 AWG 2.089 0.110 2.199 0.950 2.27 0.719 1171 1476 0.0048 
157.2 AWG 2.131 0.064 2.195 0.971 1.72 0.727 694 1430 0.003 
157.3 AWG 1.134 0.068 1.202 0.943 1.39 0.706 524 843 0.007 
157.4 AWG 0.534 0.063 0.597 0.894 0.75 0.610 
157.5 AWG 1.067 0.513 1.580 0.675 2.00 0.547 3267 1708 0.0163 
157.6 AWG 0.542 0.522 1.064 0.509 1.22 0.418 2406 1476 0.0206 
158.1 AWG 2.135 0.201 2.336 0.914 2.78 0.708 2033 1628 0.0072 
158.2 AWG 1.087 0.204 1.291 0.842 1.56 0.682 1214 979 0.0129 
158.3 AWG 0.559 0.207 0.766 0.730 0.86 0.597 842 736 0.0201 
158.4 AWG 1.074 0.114 1.188 0.904 1.32 0.694 745 867 0.0097 
158.5 AWG 0.544 0.114 0.658 0.827 0.77 0.627 397 585 0.0139 
158.6 AWG 2.089 0.526 2.615 0.799 2.63 0.651 4992 2179 0.0118 



Table 0.4 Microgravity Slug Flow Data for Air-WaterlZonyJ FSP in a 12.7 nun ID Tube 

Run FJuids Vas VLS VMS VasfUMS <Va> <a.> dP/dx Re,p fw 
(m/s) (m/s) (m/s) (m/s) (Palm) 

48.1 AWZ 0.802 0.504 1.306 0.614 1.69 0.578 
48.2 AWZ 0.609 0.096 0.705 0.864 0.91 0.680 
61.1 AWZ 1.062 0.103 1.165 0.912 1.41 0.685 
61.4 AWZ 2.534 0.664 3.198 0.792 4.23 0.647 
100.1 AWZ 0.307 0.071 0.378 0.812 0.45 0.678 274 1547 0.0378 
101.4 AWZ 1 0.52 1.520 0.658 1.81 0.596 1936 7797 0.0132 
102.3 AWZ 0.982 0.071 1.053 0.933 1.30 0.744 274 3429 0.0061 
102.4 AWZ 0.968 0.203 1.171 0.827 1.37 0.711 881 4302 0.0141 

103.42 AWZ 2.325 0.508 2.833 0.821 3.63 0.672 2547 11806 0.0061 
154.1 AWZ 2.134 0.213 2.347 0.909 2.38 0.740 1315 7751 0.0058 

~ 154.2 AWZ 1.068 0.220 1.288 0.829 1.52 0.706 814 4807 0.0106 - 154.3 AWZ 0.539 0.221 0.760 0.709 0.88 0.623 591 3642 0.0172 
154.4 AWZ 1.057 0.129 1.186 0.891 1.39 0.738 510 3947 0.0088 
154.5 AWZ 0.554 0.132 0.686 0.808 0.78 0.690 354 2704 0.0154 
154.6 AWZ 2.053 0.521 2.574 0.798 2.94 0.649 3328 11465 0.0091 
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Table E.l Microgravity Annular Flow Data for Air-Water, 12.7 mm ID Tube 

Run Fluids Uos ULS h h U PSD dP/dx dP/dx Tau Wall Tau Wall 
Mean Std. Dev. Mode Mean Std. Dev. Mean Std. Dev. 

(mls) (mls) (nun) (nun) (mls) (Hz) (Palm) (Palm) (Pa) (Pa) 

87.1 AW 4.69 0.06 0.64 0.26 
143.3 AW 5.48 0.07 0.68 0.35 1.09 1.95 810 668 9.37 9.77 
82.12 AW 10.07 0.07 0.51 0.23 
144.4 AW 10.44 0.07 0.50 0.21 1.56 5.37 1566 604 4.51 1.38 
141.2 AW 10.83 0.08 0.50 0.19 1.56 8.30 1774 504 5.03 3.51 
142.1 AW 15.66 0.07 0.41 0.13 1.85 11.72 2411 558 4.30 1.35 
144.1 AW 25.08 0.07 0.31 0.07 2.63 17.58 4769 763 5.71 3.66 
143.1 AW 26.18 0.07 0.25 0.04 2.50 16.60 4884 1968 5.53 3.42 

142.5 AW 5.28 0.13 0.82 0.43 1.52 2.44 1346 979 6.14 5.20 

~ 
143.4 AW 5.38 0.12 0.74 0.39 1.56 3.42 1270 993 8.11 8.73 
142.4 AW 10.30 0.13 0.59 0.26 1.79 8.30 2349 778 4.56 1.70 
141.3 AW 10.40 0.12 0.66 0.23 1.72 7.81 2321 714 4.36 1.15 
141.5 AW 15.67 0.12 0.53 0.15 2.17 15.62 3638 731 4.87 2.39 
142.2 AW 15.68 0.11 0.46 0.16 2.17 16.11 3307 758 4.65 1.98 
144.2 AW 25.45 0.11 0.35 0.08 2.94 21.00 6507 1044 7.93 5.86 
143.2 AW 25.50 0.11 0.29 0.06 2.78 20.51 6578 1292 7.55 5.41 

90.1 AW 3.99 0.20 0.92 0.46 
143.5 AW 5.29 0.21 0.91 0.44 1.85 4.88 2028 1387 4.85 2.15 
141.4 AW 10.33 0.21 0.77 0.27 2.00 8.79 3513 1045 4.75 1.98 
142.3 AW 15.18 0.20 0.58 0.19 2.38 13.67 4854 1106 6.21 3.69 
141.1 AW 24.75 0.20 0.41 0.07 3.33 23.93 9716 1419 9.61 6.10 

143.6 AW 5.11 0.55 1.10 0.54 2.78 5.86 8096 3181 7.43 4.79 
81.22 AW 9.23 0.51 0.88 0.35 
141.6 AW 9.26 0.55 2.94 8.79 5434 3863 8.91 5.37 
144.6 AW 10.01 0.54 0.86 0.32 3.13 16.11 10.49 6.29 
142.6 AW 22.43 0.50 0.55 0.)5 4.17 20.02 7629 3205 20.56 10.82 
144.3 AW 23.52 0.40 0.50 0.12 3.85 31.25 17194 2996 17.85 9.95 



Table E.2 Microgravity Annular Flow Data for Air-Water/Glycerin, 12.7 mm ID Tube 

Run Fluids Uas ULS h h U PSD dP/dx dP/dx Tau Wall Tau Wall 
Mean Std. Dev. Mode Mean Std. Dev. Mean Std. Dev. 

(m/s) (m/s) (mm) (mm) (m/s) (Hz) (Palm) (Palm) (Pa) (Pa) 

147.4 AWG 5.43 0.06 0.78 0.37 0.93 1.95 1278 690 6.11 2.12 
147.3 AWG 10.71 0.07 0.64 .0.27 1.67 6.35 2272 715 5.75 2.47 
148.4 AWG 15.95 0.07 0.50 0.15 2.00 4.39 3414 783 7.10 4.23 
147.2 AWG 16.02 0.07 0.50 0.18 2.38 9.76 3454 817 7.17 4.47 
147.1 AWG 25.36 0.06 0.40 0.08 2.50 12.21 6073 847 11.25 6.87 
148.3 AWG 25.98 0.07 0.38 0.08 2.38 13.18 6213 922 11.54 7.11 

146.5 AWG 5.46 0.12 0.87 0.34 1.72 3.91 1995 1407 6.53 3.47 
145.4 AWG 5.52 0.12 1.72 4.88 1886 1326 6.46 3.26 

~ 
145.2 AWG 10.27 0.11 0.77 0.30 1.85 5.86 2884 1219 6.82 4.21 
148.2 AWG 10.64 0.12 0.66 0.29 2.17 6.35 3191 1298 7.08 4.52 
148.1 AWG 15.29 0.11 0.57 0.21 2.50 10.25 4552 1208 8.98 6.61 
146.3 AWG 15.44 0.12 0.55 0.15 2.08 6.35 4756 1224 9.47 7.22 
145.1 AWG 25.20 0.11 0.48 0.10 2.63 14.16 7899 1421 15.02 11.06 
146.1 AWG 25.42 0.11 0.41 0.08 2.63 13.67 8237 1559 15.60 11.49 

145.5 AWG 5.21 0.21 1.28 0.51 2.27 3.91 3153 2639 7.93 5.70 
145.3 AWG 10.19 0.20 0.89 0.33 2.38 6.84 4832 2323 9.56 7.32 
146.4 AWG 15.28 0.21 0.61 0.16 2.63 10.74 7215 2384 14.52 12.14 
146.2 AWG 24.86 0.20 0.46 0.09 3.13 16.11 12182 2394 23.22 17.16 

147.6 AWG 4.89 0.55 1.22 0.74 5.56 5.37 8280 7556 16.67 17.27 
148.6 AWG 4.95 0.55 1.09 0.70 5.56 5.37 8178 -7651 16.11 16.89 
94.2 AWG 9.09 0.49 0.97 0.37 
145.6 AWG 9.80 0.51 1.17 0.44 4.17 7.32 11070 6937 22.42 18.89 
146.6 AWG 13.97 0.53 0.77 0.21 3.85 12.21 15631 7755 31.71 24.87 
148.5 AWG 22.02 0.50 0.55 0.21 5.56 14.65 21802 7043 44.37 31.26 
147.5 AWG 22.11 0.50 0.61 0.22 5.56 14.65 22386 6958 48.34 33.73 



Table E.3 Microgravity Annular Flow Data for Air-WaterlZonyl FSP, 12.7 mm ID Tube 

Run Fluids UGS ULS h h U PSD dP/dx dP/dx Tau Wall Tau Wall 
Mean Std. Dev. Mode Mean Std. Dev. Mean Std. Dev. 

(m/s) (m/s) (mm) (mm) (m/s) (Hz) (Palm) (Palm) (Pa) (Pa) 

102.12 AWL 4.20 0.07 0.62 0.26 
152.2 AWL 5.37 0.07 0.53 0.29 1.52 3.52 915 654 9.90 5.12 
151.3 AWZ 5.55 0.07 0.49 0.24 1.32 1.46 919 681 8.60 4.19 

101.12 AWL 9.92 0.07 0.48 0.16 
152.4 AWL 10.30 0.07 0.41 0.17 1.72 4.39 1555 564 5.42 1.53 
149.2 AWZ 10.51 0.08 0.46 0.14 1.56 5.37 1619 637 4.66 1.12 
150.1 AWL 15.53 0.07 0.33 0.08 2.08 3.42 2483 749 4.18 1.11 
151.1 AWZ 25.86 0.06 0.22 0.04 2.63 8.30 4707 835 4.04 1.27 

150.5 AWZ 5.25 0.11 0.63 0.32 1.56 3.91 1352 959 6.55 3.10 

~ 
152.3 AWZ 5.37 0.11 0.55 0.32 1.61 2.44 1242 912 8.11 4.28 
151.4 AWZ 5.46 0.11 0.55 0.29 1.52 3.91 1289 977 6.38 2.93 
149.3 AWZ 10.52 0.12 0.51 0.16 1.61 4.39 2272 812 4.36 1.07 
150.4 AWZ 10.57 0.11 0.47 0.17 1.79 5.86 2295 862 4.54 1.17 
150.2 AWZ 15.43 0.11 0.38 0.10 2.17 11.72 3361 996 4.25 1.27 
149.5 AWZ 15.46 0.12 0.39 0.10 2.00 7.32 3526 1003 4.58 1.91 
152.1 AWZ 25.37 0.10 0.23 0.11 3.57 11.72 6418 1063 4.21 1.31 
151.2 AWZ 25.67 0.10 0.25 0.04 2.78 8.79 6488 1228 4.22 1.28 

151.5 AWZ 5.40 0.20 0.63 0.34 1.79 4.88 2049 1406 5.00 1.86 
149.4 AWZ 10.31 0.21 0.58 0.18 1.85 7.32 3451 1376 4.56 1.64 
150.3 AWZ 15.07 0.19 0.44 0.13 2.38 7.81 4972 1327 4.94 2.27 
149.1 AWZ 24.58 0.19 0.33 0.06 3.13 11.23 9141 1771 8.22 4.63 

100.3 AWZ 9.63 0.50 0.66 0.29 
149.6 AWZ 9.73 0.55 2.63 6.84 8137 4313 7.41 4.26 
152.5 AWZ 10.22 0.51 0.65 0.32 3.85 14.16 8162 3922 6.12 3.22 
151.6 AWZ 13.62 0.52 0.54 0.17 3.33 11.23 10505 4288 6.68 3.49 
152.6 AWZ 14.45 0.51 0.53 0.27 4.55 15.62 10870 3844 7.55 4.06 
150.6 AWZ 22.39 0.45 0.41 0.08 3.85 24.90 17911 3404 12.01 6.17 
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